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GLOSSARY OF IMPORTANT TERMS
Active Corrosion:

Active corrosion behaviour is observed when a metal produces a visible quantity of corrosi

product when fully immersed in an aggressive electrolyte. Visible corrosion is characteris

of a porous hydroxide layer that adheres poorly to the metal interface. In addition, it do
enhance the corrosion resistance of the metal by barrier protection.

Amp:
Electrical current, measured in Amps (1 Amp = 1 Coulomb/s = 6.25E+18e7s). The flow of
electrons determines the corrosion rate.

Anode:
An anode is the electrode surface or a specific area on the electrode surface where the
oxidation or metallic corrosion (anodic half reaction) occurs e.g. Fe° -> Fe2+ + 2e"

Anodic Current:

This is the current extracted from the working electrode (Ew) during anodic polarisation o
oxidation.

Anodic half reaction:
Anodic half reaction is a chemical equation that depicts metallic oxidation to form metal
species (cations) and free electrons. For example, for uniform or consistent corrosion of

Fe° -» Fe2+ + 2e_

V

Applied Voltage:

This is the voltage (AC or DC) that is externally imposed on a test electrode. The externa
voltage source may be via a battery or potentiostatic device.

Barrier Coatings(s):

Protective coatings are forms of barrier materials. These protective barriers vary in thic

from thin paint films to thick mastic coatings, depending on the application. Barrier coat

are effective for they repel or retard water and atmospheric gases (O2) from the underlyin
substrate. Thus, the lower the moisture vapour transmission rate of the coating (polymer),
more effective is the barrier.

Blackening and Bluing:

Black oxide coatings are made on steel by immersion in a very strong alkali solution havin

an oxidising agent such as nitrate or chlorate. Heating steel in air makes an associated t
coating. The final oxide film is characteristic of temperature and treatment time.

Biodegradability of polymers:
In sterile environments, microorganisms can effectively alter and damage polymeric

materials. Even some plastics and rubbers are degraded. The phenomenon is related to their
elemental composition and structure, surface properties and environmental condition. For
example, the basic group of polyurethane is easily biodegradable as is polyethylene,
polypropylene, polymethylmethacrylate and polyamide. On the other extreme, polystyrene,
polyvinyl chloride and polytetrafluoroethylene are not so easily biodegradable.

vi

Capacitance:

Capacitance (C) is the ratio of the amount of charge transferred between two electrodes tha
have different electrode potentials. Mathematically, capacitance is equal to the amount of
charge/voltage difference.

Capacitive Reactance:

This term refers to the electrode interface or to the electrical double layer (EDL) ability
charge and discharge in response to an applied voltage.

Cathode:
An electrode surface or a specific area on the electrode surface where metallic reduction
(cathodic half reaction) occurs.

Cathodic half reaction:

Cathodic half reaction is a chemical equation that depicts reduction or acceptance of elect

formed during the anodic half reaction of electrochemically active species to form negative
anions e.g. reduction of oxygen; O2 + H2O + 4e" -> 40H"

Cathodic Protection:

Cathodic protection reverses the electric current flow within the corrosion cell. This mean
that a more active metal (more negative or cathodic) when connected to a less active metal

will protect it against corrosion until it becomes spent (totally corrodes). For example, M
(Ecorr = -2.37 V vs SHE), Al (ECOn- = -1.66 V) and Zn (ECOrr = -0.76 V) anodes protect PCS
(Ecorr

=

-0.470 V) in marine environments. Cathodic protection also used a DC and a

relatively inert electrode immersed in an electrolyte for current to flow. The choice of
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sacrificial anodes depends on job conditions. However, magnesium is most c o m m o n l y used
for galvanic anodes. Galvanic anodes are rarely used when soil resistivity is >3000 Q-cm.;

impressed current is normally used for these conditions. Carbon (graphite, coke), high silic
cast iron, scrap iron, aluminium are commonly used as anodes for impressed current cathodic
protection. Protective coatings are used in conjunction with cathodic protection.

Chemical Vapour Deposition
Chemical vapour deposition (CVD) is the process of applying a vapourised monomer to a
pretreated substrate in a reactor where it subsequently polymerises. Initially, substrate
pretreatment is extremely important in order to minimise chemical and physical
contamination prior to CVD. Vapour de-greasing (organic solvents to remove oils and
greases) and vapour honing (mild acids to remove metal oxides) are generally used.
Furthermore, the pretreatment procedure produces anchorage points, which can facilitate
polymeric adhesion. The chamber reactor must be clean and free from external contaminants

e.g. dust and moisture. Post substrate pretreatment, the substrate material can be heated to
help monomelic or polymeric vapour diffusion into/onto the material Figure Gl.
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Figure G l . Chemical vapour deposition box employed during the course.
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Colloidal Dispersions:
Dispersion of bulk material can be carried out by grinding in a colloidal mill or by
ultrasonification with the aid of inert diluents or surface-active agents (which are later
extracted). The additives are used to prevent particle unification. A higher degree of
dispersion can be achieved by an aggregation method. This method involves pouring the
supersaturated solution of interest into a suitable solvent to form adequately dispersed
colloids. The solvent is then extracted leaving the colloidal material behind.

Complex Impedance (or simply Impedance or Nyquist Plot)
Complex impedance is the AC terminology of DC resistance. Impedance magnitude is equal
to AC voltage divided by the corresponding AC current magnitude i.e. R = E/I

Conductive Polymer:
A conductive polymer (CP) may be a nonconductive polymer matrix such as epoxy resins,
polyesters, acrylics and polyurethanes, which are dosed with large concentration of a
conductive material such as a metal, metal oxides or carbon black. The matrix is then
homogenised with other additives, such as polymeric stabilisers, to maintain the additions

suspension. After that its electronic and optical properties come to resemble semiconductor
and metals, whilst the mechanical properties remain similar to conventional polymers.

Corrosion Current Density

Corrosion current density is the corrosion rate (CR) expressed as an electric current in A/
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Corrosion Inhibitors:
Corrosion inhibitors are added in small amounts to aqueous environments to slow down (not
stop) the metallic corrosion. They usually act by forming films on either the anodic or
cathodic areas, thus, stifling reactions. Thus, they generally come in two classes namely

anodic or cathodic inhibitors. However, there is a third that are "neutral", and simply for
protective films on all surfaces. Typical anodic inhibitors are water-soluble sodium,

potassium and calcium hydroxide, phosphate, carbonate, silicate, chromate, nitrite, phospha
molybdate, borate and plumbates. Anodic inhibitors are relatively more effective than
cathodic inhibitors. Due to stringent EPA laws the chromates and phosphates will be
prohibited in due time. The plumbates have been already banned.

Corrosion Rate:

Corrosion rate (CR) is the amount of metal dissolution in a corrosive environment per unit
time. The CR can be expressed as the weight of metal loss per unit time, as the rate of

penetration per unit of time (in mpy; 0.001 inch/year) or in metric units (mmpy, pmpy, nm/
andpm/s).

Corrosion resistance:

Corrosion resistance is the term that applies to describe the metallic ability to resist c

It also refers the metallic resistance to supply electrons to electroactive species in the

electrolyte. Another term for corrosion resistance is called "polarisation resistance" or "
transfer resistance". The corrosion resistance units are measured in ohms or ohms.cm .

X

Corrosion potential:

Corrosion potential, Ecorr, is the electrode voltage at equilibrium (when I = 0). The ECOfT val
can be found experimentally from anodic fl_a) and cathodic (f_c) polarisation curves where

Tafel slopes intersect. Generally, it is a 'mixed' potential that falls between the half react

potentials for anode and cathode. The Ecorr value also correlates to the corrosion current, ico

Counter Electrode:
Another name for the counter electrode is the auxiliary electrode (Ea).

Dialysis:
Conventional filter papers retain particles with diameters >lum. The use of membranes for
colloidal separation is called dialysis. Common membranes are made from cellulose products
such as collodion (cellulose nitrate in alcoholic ether) Visking® and Cellophane®.
Membranes with various approximate pore sizes can be obtained commercially in the form of
"condoms" or thimbles. Dialysis is used to separate small dissolved molecules, electrolyte

salts and excess acidity or alkalinity from the colloidal dispersion. Stirring and renewing th
washing solution can hasten the process.

Differential Aeration:
Differences in environmental concentrations can cause localised attack. Aqueous solutions in
contact with atmospheric gases absorb and dissolve a quantity of oxygen. In turn, the
dissolved oxygen (DO) is transported throughout the solution by convection and diffusion.
DO transportation by diffusion can be either slow or fast depending on nature and the amount
of solution contaminants or deposit it acquires. It has been reported that if the DO

concentration is higher at one part of the metal relative to another part, the situation leads
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localised corrosion 1, 2, 3^ 4 with "Differential Aeration Principle" it is stated that "any

geometric factor that results in a higher concentration of oxygen at one part of a metal surf

and a lower concentration at another will result in the former becoming a cathode and the lat
an anode of the corrosion cell, with consequent localised attack" 4.

Diffusion:
Diffusion is the ionic and molecular movement caused by concentration differences between

different positions within an electrolyte. Generally, diffusion direction is from higher to l
concentrations.

Diffusion layer:

A diffusion layer is a thin electrolyte layer at the electrode/electrolyte interface. Its che
composition is different relative to that of the bulk electrolyte.

Electric current:
Electric current is the flow of electrons through electrically conductive solids (metals and
conductive polymers) and external connections of various electrochemical devices. The
electric current is measured in Amps, which is the amount of electric charge in Coulombs per
seconds. As previously stated, the electric current can be converted to a CR (mpy) by using
Faraday's Law.

Electrodialysis:
This is also dialysis but the colloidal solution is cleansed between positive and negative
electrodes. Generally, the colloidal matrix is passed into a central chamber, which is being
separated by thin membranes. The colloids are retained and concentrated within while all
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other unwanted molecules including ionised species are forced out by the applied potential.
On both sides of the central colloidal compartment are two more compartments that circulate
a suitable cleaning solvent (traps and flushes out all diffused or unwanted molecules). The
middle compartment is 'electro decanted' when the colloids become sufficiently cleansed
and/or laden.

Electrochemical Impedance Spectroscopy:
Electrochemical Impedance Spectroscopy (EIS) produces a spectrum plot of a series of AC
voltage frequencies between the anodic and cathodic peaks of the test sample. Typical
frequencies range from 100 kHz to 0.00 5Hz.

Electrochemically active species:

Electrochemically active species are ions, molecules and dissolved gases that are dissociate
in the electrolyte. These ionic species then react with electrons that are produced by the
anodic half reaction or metal corrosion. For example, the reduction of hydrogen ions and
oxygen;
2H+ + 2e" -> H2(g_s)
O2 + 4H+ + 4e" -> 2H20 (oxygen reduction in an acid solution)
O2 + 2H20 + 4e" -> OH" (oxygen reduction in neutral or alkaline solution)

Electrode:

An electrode is the material submerged in an electrolyte. There are three types of electrode
used in electrochemical corrosion measurements namely, working electrode (Ew), reference
electrode (Er) and the counter electrode or auxiliary electrode (Ea).
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Electric Double Layer:
Electric double layer (EDL) is the electrically charged interface that occurs on the metal
surface when fully immersed in the electrolyte.

Electrical Energy:

Electrical energy is the final product or the maximum available work of the potential (V) an

the total electric charge (C) of a cell. Electrical Energy = (Volts)(Coulombs). The value is
measured in 'calories' or 'joules' (1 calorie = 4.184 joules = 4.184 volt coulombs). Thus,
Electrical Energy = (volts)(number of electrons)(coulombs/mole of electrons)(calories/volt
coulombs) = (E)(n)(F)(l/4.184) = (n)(E)(96,487/4.184) = 23,060(n)(E) in calories

Electrode Potential:

The electrode reaction on a corroding metal (anodic) occurs at a steady state, with the anod
and cathodic processes occurring simultaneously so that the generated electrons are removed
immediately as they are formed on the metal surface. The presence of electrons in the metal
and ions in solution forms an EDL of charge at the metal/solution interface. This EDL is

responsible for the potential difference (E or EC0TT) between the metal and the electrolyte.

possible to change the amount of charge in the EDL simply by placing the metal of interest i
a different solution or by applying an external electronic circuit. The electrode potential
difference is measured in millivolt units (mV)

Faraday:
Faraday (F) is the charge carried by lmole of electrons i.e. 96,487 (rounded to 96,500).
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Galvanic corrosion:

This is the corrosion of the less noble (more active or cathodic) member of a pair of dissimil
metals, which are in contact. Galvanic corrosion is often called dissimilar metal corrosion.
The intensity of corrosion rate on the more active metal depends on the following factors:
a) The ratio of the cathode/anode areas
b) The ionic conductivity between the electrodes, and
c) The efficiency of the cathode (the more noble metal) reaction

Galvanic Series:
The galvanic series of pure metals and alloys are arranged in such an order where each metal

attains a specific potential, a standard reduction potential at 25°C (E°), which is characteri
of that metal within its electrolyte. In this way it is possible to order all the metals in a

in such a way that, on connecting any metal to a lower one in the series, an electrical curren
will flow. For example, when zinc and iron are connected in the presence of an electrolyte

electrons or an electric current will flow from relatively more negative zinc (E° = -0.76 V vs
SHE) to iron (E° = -0.44 V vs SHE). The galvanic series range from about -2.0 V (at the
active or anodic end) to about +2.0 V (at the noble or cathodic end).

Hysteresis:
Hysteresis is the current density pathway of a cyclic polarisation curve when scanned back

from some assigned noble potential or current density value. There are two types of hysteresis
curves namely "negative" and "positive".
Negative Hysteresis: The negative hysteresis curve is observed when the current

density values (in A/cm2) of the anodic reverse scan is less than the current density values o
the initial forward anodic scan.
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Positive Hysteresis: The positive hysteresis curve is observed when the current

density (in A/cm ) of the anodic reverse scan is greater than the current density of the in
forward anodic scan.

Impressed Current:
Recent advancement of transformer-rectifier technology and electrical automation (and
computers) has allowed the use of impressed current in cathodic protection. However, their
application is limited to larger schemes. The anodes may be scrap steel and cast iron;
however, more durable electrodes were developed such as non-sacrificial graphite, silicon-

iron alloy, tantalum, platinised-tantalum, platinum and platinum alloys, and stainless steel

Intrinsically Conducting Polymer:

Intrinsically conducting polymer (ICP) is a polymer that conducts electric currents without
addition of conductive (inorganic) substances. Common ICP's are polypyrroles, polyanilines
and polythiophenes, and their various derivatives.

Mils per year:

Mils per year (mpy), is the penetration rate value of metal corrosion in one year. An altern
name is "mils penetration per year". One mil is 0.001 inch and the value can be easily

converted to other metric units such as weight loss (mg) per square decimeter per day (mdd).
However, the unit 'mpy' is still popular.

Nernst Equation:
The cell potential can be calculated using the Nernst equation when concentrations of
reactants are not equal. E = E° - RT/nF lnQi/2 where n = number of moles of electrons as
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shown in the half reaction equation, Q1/2 is the ionic product, R = gas constant 8.314 volt
coulombs/mole degree X (F) and T = temperature in Kelvin.
Thus, E = E° - 0.059/n (lnQi/2)

Open Circuit Potential:
Open circuit potential (OCP) is the electric potential difference between two metals (in the
same environment) when no electrical current flows between them i.e.
ECon- when 1 = 0

Overpotential:

Overpotential is the difference between the OCP (or Ecorr) and the applied potential of the Ew.

Passivation:
Corrosion resistant metals and alloys can withstand aggressive environments because they
form thin films of adherent insoluble oxides on their surfaces. The oxide films act as

insulators or barriers against further attack. They reduce the cathodic reaction rate and inhi
the anodic rate, which is the direct cause of corrosion. In order to achieve good barrier

protection the film must be adherent, continuous, free from pores, crevices and contamination,
and it should rapidly reform by reacting with oxygen if damaged. The passivation or
repassivation of aluminium when exposed to water or air results in the formation of alumina
i.e. 4A1 + 302 -> 2AI2O3. This thin alumina film (-10 nm) passivates the aluminium
between pH 4-9. Passive films are susceptible to pitting and crevice attack, particularly by
chloride (Cl") and sulphate (SO4 ") anions.
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Pigment:

Pigments are used in resins and paints to enforce the film structurally, to provide colour an
gloss (aesthetic value), opacity and metallic protection. The film enforcement is mainly
impermeability and adhesion. Examples of pigments are iron oxides, titanium oxide and
carbon black.

Polarisation:
Polarisation takes place when an electric current shifts the electrode potential (E) either

cathodically or anodically from the OCP. When the current begins to flow, the potential of th
cathode becomes increasingly more negative and that of the anode more positive.

Potential:

Potential (E) is the electric voltage difference between two electrodes, namely between the E
andEw.

Potentiostat:
A potentiostat is an external electronic device that controls the potential of the Ew. The
magnitude of the potential change (polarisation) is associated to the amount of current
supplied by the external source (potentiostat).

Sacrificial Coatings:

Sacrificial coatings are active metal primers (zinc-rich), which provide galvanic protection.
The primers are effective as the sacrificial metal (Zn, Al, Mg or their alloys) waste away
before the substrate is attacked. Adequate high-performance top-coat(s) are necessary to
enhance the primer longevity.
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Scan Rate:
Scan rate (SR) is the rate at which a potentiostat changes the Ew potential. Scan rate units
V/s or mV/s.

Solution Resistance:
Solution resistance is the electrical resistance of the electrolyte.

Steady State:
A steady state is achieved when the specimen CR does not significantly change over time.

Time Constant:
The 'time constant' is the time period needed to:
a) Charge a capacitor to 67% level or
b) Change the EDL needed for a voltage magnitude.

The 'time constants' are measured in seconds and are equal to EDL capacitance (in Farads)
multiplied by parallel resistance (in ohms).

Thermoplastic resins:

These plastics have low tensile strength and limited resistance to heat. They are: polyethyle
polypropylene, chlorinated polyethers, fluorinated hydrocarbons, polyamides, polystyrene,
polyvinyl chloride, vinylidenes, and vinyls.
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Thermosets:

Thermosets are liquid resins at ambient conditions; then by reacting with an accelerator (or
catalyst) they solidify or cure into rigid shapes. Common thermoset resins are: epoxies,
furanes, phenolics, polyurethanes, polycarbonates, polyesters and diallyl phthalates.
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GLOSSARY OF CORROSION & POLYMER RELATED
ACRONYMS
AA

Ascorbic acid

ACN

Acetonitrile ( C H 3 C N ) : Dissolves most organic & m a n y inorganic salts

AET

Atmospheric exposure test

Ag/AgCI

Silver/silver chloride reference electrode

ATMP

Aminotrifmethylene phosphonic acid)

BSA

Benzene sulphonic acid

CP

Cyclic polarisation

CP's

Conducting polymers

CR

Corrosion rate

CRS

Cold-rolled steel

CV

Cyclic voltammetry

CVD

Chemical vapour deposition

DDBSA

Dodecylbenzene sulphonic acid (or D B S A )

DDW

Double distilled water

DNNSA

Dinonylnapthaline sulphonic acid

DO

Dissolved oxygen

DW

Distilled water

Ea

Auxiliary electrode or counter electrode

ECP

Electroactive conducting polymer

ECP's

Electroactive conducting polymers

EIS

Electrochemical impedance spectroscopy

ELN

Electrochemical noise technique

Er

Reference electrode

EtOH

Ethanol

Ew

Working electrode or test electrode

FIT

Full immersion test

ICP

Inherently conducting polymer
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IE

Ion exchange

ITO-glass

Indium tin oxide-glass; transparent conducting oxide on glass

LAS

L o w alloy steel

LP

Linear polarisation (same as L P R )

LPR

Linear polarisation resistance (same as L P )

L-to-H

Low-to-high evapouration method of casting

MASA

2-methoxyaniline-5-sulphonic acid (monomer)

MEK

Methyl-ethyl-ketone

MeOH

Methanol

MIC

Microbial induced corrosion

MS

Mild steel

NHE

Normal hydrogen electrode

NMP

1 -methyl-2-pyrrolidinone

NTPA

Nitrilotri(methyl phosphoric acid): same as A T M P

OA

Oxalic acid

OCP

Open circuit potential

OX

Oxalate ion

PfPBS)

Poly((4,3-pyyrolyl) butane sulphonic acid)

PANI

Polyaniline

PANI-EB

Polyaniline emeraldine base

PANI-ES

Polyaniline emeraldine salt

PANI-ES(AR) Polyaniline emeraldine salt (as received) or P A N I - E S ( D N N S A )
PANI-LE

Polyaniline leucoemeraldine base

PANI-PG

Polyaniline pernigraniline base

PASA

Poly(aniline sulphonic acid)

PBS

3 -butylsodiumsulphitepyrrole

PCS

Plain carbon steel

PEO

Polyethylene oxide

PMASA

Poly(methyaniline sulphonic acid) or P M A S

POP

Poly(3-octyl pyrrole)

PPy

Polypyrrole

PR

Polarisation resistance: sometimes abbreviated as 'Rp'
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PTh

Polythiophene

PTS

para-toluene sulphonic acid

PU

Polyurethane

PVC

Poly(vinyl chloride)

PVP

Poly(vinyl phosphate)

SAM

Scanning Auger microscopy

SCE

Saturated calomel electrode

SEM

Scanning electron microscopy

SRE

Scanning reference electrode

SS

Stainless steel

TA

Tartaric acid

TC

Topcoat

Ty

Tyron: 4,5-dihydrogen-l,3-benzene-disulphonic acid

UV-VIS

Ultraviolet-visible spectroscopy

UV-VIS-NIR

Ultraviolet-visible near infra-red spectroscopy

VOC

Volatile organic compound

VOC's

Volatile organic compounds

XPS

X-ray photoelectron spectroscopy
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CHAPTER I
POLYANILINE AND POLYPYRROLE COATINGS
ON IRON AND STEEL
1.0 POLYANILINES ON IRON AND STEEL
1.1 INTRODUCTION
A great deal of work has been undertaken throughout the world over the past 50 years
to increase the corrosion resistance of plain carbon steel (PCS) or mild steel (MS), and
many successful techniques were developed. For example, chemical inhibitors,
modified alloys, barrier coatings, various pretreatment processes and conversion
coatings. However, there are drawbacks associated with some of these practices such as
acute toxicity and pollution, factors that are now strictly regulated by modern
Governments throughout the world. Even though conversion coatings such as chrornate
and non-chromate types (phosphates) work well for corrosion protection of certain
structural materials they will be phased out in the near future due to acute toxicity to
living things, environmental pollution and the cost of by-product(s) detoxification from
such practices. Thus, these conventional methods need to be substituted.

As many novel materials, and their derivatives, are now in existence and the prospect of
substituting, soon to be, 'outdated' and 'outlawed' technology shows potential. One
such group of novel materials under consideration is conductive polymers (CP's) and
intrinsically conducting polymers (ICP's) or active coatings. These novel materials are
believed to stabilise the metal potential in the 'passive region' and produce and

maintain the protective oxide layer(s) on the metal. Due to their low toxicity, these new

polymers m a y offer an alternative to chrornate or zinc containing primer coatings for
corrosion protection.

The cost factor of anti-corrosion is important. For example, Cherry 5 carried out a
survey of the cost of corrosion in Australia and reported that direct losses to the
economy is in the order of A$ 470 million, a figure which represents ~ 3.5% of the
G.N.P. in 1973 5. If ICP's with anti-corrosive properties were to be developed then the
cost of corrosion can be reduced. Accordingly, this thesis focused predominantly on the
role of active coatings such as polyanilines on the corrosion resistance of PCS.

Active coatings are classified into two classes namely conductive polymers (CP's) and
intrinsically conducting polymers (ICP's). The difference between CP's and ICP's is as
follows: CP's are insular polymers rilled with conducting materials such as carbon-

black to attain conductive properties while ICP's are polymers having inherent (inbuilt

conductive properties. Potential applications of CP's and ICP's utilises their electron
(conductivity) and ionic properties.

In 1974, polyacetylene (PA) was initially synthesised by Shirakawa et al. ^ on a thinfilm coating of Ziegler-Natta initiator system in a glass reactor. The process then
became known as the "Shirakawa technique", Equation 1.1.

„(H-CSC-H) + A1(C2H5)3 + TiO(C4H9)4 -> -(-CH=CH-)„- Eq. 1.1

In due time, researchers discovered that insular PA could be modified and made
electrically conductive simply by doping it with an oxidising I2 vapour, and ever since

that time the interest in polymer conductivity has grown especially with polyaniline
(PANI). During subsequent years many researchers strived to understand the behaviour

of PANI, in particular Beck et al. 7, MacDiarmid et al. 8, Wei et al. 9, Stejskal et al. 10,
Camalet et al. H and McAndrew et al. 12-14 added the specifics of PANI activities.
Generally, their work centered on the polymerisation mechanism of conducting
polymers, structure of PANI varied states, redox mechanism, conductivity mechanism,
and the role of doped anions, protons, residual water content, and CP applications.

Additionally, ICP popularity extended amongst other heterocyclic aromatic monomers
such as pyridine, pyrrole, n-methylpyrrole, 3-methylthiophene, p-xylene, furan and
others that could be polymerised anodically. In 1985, DeBerry ^ electropolymerised
aniline onto relatively noble 410 (12% Cr) and 430 (17% Cr) grade stainless steels and
concluded that PANI coatings enhanced the corrosion resistance of the test samples,
even in sulphuric acid. He reported that electrodeposited polyaniline stabilised the
metallic passive layer, Cr203 and NiCr204, which formed on the working electrode
interface and decreased the corrosion rate of the metal. DeBerry's polymeric
stabilisation referred to the impediment of oxide layer dissolution. Since that time,
numerous technical papers and patents described similar corrosion protection
performance by PANI coatings on various metal substrates such as PCS, stainless steel
and iron in a wide range of environmental conditions. The evidence comes from both
electrochemical and conventional exposure tests that the mechanism is thought to
involve a charge-transfer reaction between the polymer and the metal substrate,

producing an insoluble oxide layer at the interface that is resistant to corrosives. Thi
oxide layer is believed to be the key in the mechanism of corrosion protection by PANI
on ferrous alloys, however, many aspects of the mechanism remain unexplained,
including the effects of the:

type of pretreatment(s) i.e. physical, chemical or electrochemical
polymer form i.e. emeraldine salt or emeraldine base form of PANI
type of counterion doped into the polymeric system
type of topcoat(s)
coating methods i.e. casting versus electrodeposition

The following sections review the available literature related to the corrosion protection
of ferrous alloys using PANI and PPy coatings.

1.2 EXPOSURE TESTS
1.2.1

Iron

Camalet et al 11,16-19 compared electrochemically deposited PANI-ES and PPy
coatings on iron, with scribe marks, by analysing the amount of soluble iron in the
HCI/NaCl test solution after 2 and 7 days of full immersion, respectively. The
considered PANI structure is illustrated in Figure 1.1.

Figure 1.1. Chemical structure of polyaniline

This polymer can exist in three different states as indicated in Figure 1.1, with y = 0
(leucoemeraldine base; LE), y = V_ (emeraldine base; EB), and y = 1 (pernigraniline
base; PG). Figure 1.2 shows morphological changes between varied PANI states.

+-H*

ft

Emeraldine base (blue)

L.uco base (clear)

Figure 1.2. Morphological relationship between different P A N I states

The authors concluded that both coatings reduce the corrosion rate (iron dissolution),
however, that PANI coating was more efficient relative to PPy. Camalet and Lacaze et
al 18,19 aiso determined a similar effect. The effectiveness of the coating was limited
by disbondment around the scribe marks after 7 days of full immersion. No indication
was given whether the test solution was agitated.

1.2.2

Mild Steel

In 1991, Los Alamos National Laboratory ( L A N L , Los Alamos, N M , U S A ) in
collaboration with the National Aeronautics and Space Administration (NASA,
Kennedy Space Centre, Fl, USA) found that conductive polyanilines doped with ptoluene sulphonic acid (pTS), of 0.005 cm thickness, and topcoated with an epoxy,
showed excellent performance for prevention of PCS corrosion. However, the possible
mechanism was not discussed. Nevertheless, the interest in topcoated PANI coatings

has grown, worldwide. Wrobleski et al 20-22 confirmed the performance of top coated
PANI-ES "primers". PCS was coated with PANI-EB from NMP and re-protonated

using p-TSA, tetracyanoethylene and zinc nitrate, and finally topcoated using epoxy o
polyurethane (PU). The PANI coated specimens, which were scribed, showed excellent
corrosion resistance relative to polyurethane (PU) topcoated specimens after 7 months
at seaside atmospheric exposure sites. Similar specimen results were correlated to
various saline test solutions.

In 1995, Kinlen et al 20-26 reported that PANI 'primers' made by dispersing PANI-ES

with certain binders were effective in salt spray tests. The primers were topcoated an

evaluated against other 'primers' containing zinc particles. It was concluded that PA

primed materials performed better relative to zinc containing primers after 1000 hour

of salt fog testing in terms of specimen mass loss, blister size and density, and scri
creep.

In the same year, Lu et al 27 studied the effect of PANI-ES and PANI-EB primers with
epoxy topcoats on the corrosion resistance of MS in chloride solutions. The PANI-EB
was made using NMP, which was applied to abraded and solvent cleansed steel.
Immersing in p-TSA solution converted PANI-EB to the PANI-ES form. Post

topcoating with epoxy, a hole was drilled through the epoxy/PANI coatings to the steel
surface followed by electrochemical corrosion tests in 3.5% NaCl or 0.1 M HC1. Visual
observations were made on the specimens during 8 weeks of full immersion in

individual test solution. In the acid solution, both the EB and ES films inhibited the

steel corrosion/dissolution relative to epoxy-only coatings. For PANI-primed specimen
only a gray/black colouration was observed on the steel surface. Substrate corrosion

was reported to have occurred with all specimens, although rust was reported to
increase in the order: PANI-EB/epoxy < PANI-ES/epoxy < epoxy.

In 1997, Li et al

28

utilised a commercially available Correpair® system obtained from

Zipperling Kessler and Co., and investigated the performance on MS in 1M HC1. The
Correpair® kit consists of three parts: a pretreatment, a PAM-primer and a topcoat. The
pretreatment was not utilised by Li and co-workers. It was found that blistering was
observed after 2 days (PANI-primer), 5 days (topcoat) and 20 days (PANI/topcoat) of
full immersion. As the primer/topcoat system appeared to function synergistically the
effects were further studied using electrochemical impedance spectroscopy (EIS) and
found that PANI passivated the metal while simultaneously it re-oxidised itself by
dissolved oxygen. The process also provides re-passivation to damaged films especially

in acids. In addition, a topcoat further enhances the performance of PANI as it provides
increased diffusion resistance for the corrosion species.

McAndrew et al 13,14,29 a]so coated PCS with EB, ES and EB-polymer blends and
carried out full immersion and salt fog tests on scribed specimens. The specimens were
visually observed after testing and concluded that EB coated specimens were more
corrosion resistant relative to PANI-ES(p-TS) test samples. Furthermore, when PANIEB was blended with a polyimide (PI) binder, the salt spray test performance was
superior to PI alone. However, no improvement in corrosion resistance was attained
with PANI-EB-epoxy blends compared with epoxy-only topcoats.

Recently, Schuman 30 reported to have further improved the corrosion resistance of
scribed PCS/coated specimens by incorporating > 5% PANI-ES into epoxy. Wessling et

al

AV-Z2,3\ a i s o

carried

out salt spray testing on P C S coated with PANI-prirner and

various topcoats, and reported the suppression of undercoating corrosion at scribe
marks up to 1000 hours of exposure. For a 1 and 2-layer acrylic topcoat system,
blistering occurred after 72 hours and 337 hours, respectively.

1.3 ELECTROCHEMICAL TESTS
1.3.1 Iron
Very few studies have investigated the effects on corrosion of iron coated with
polyethoxyaniline (PEA) using electrochemical methods. Sathiyanarayanan et al 32

investigated the effect of an inhibitor, ortho substituted PEA, on the corrosion of iro
acid chloride solution and found that it was effective. The substitution of aniline at

ortho position by an ethoxy group enables the polymer solubility in water as well and in
common organic solvents, which can then be used as an effective inhibitor for iron in

acid chloride solutions. Sathiyanarayanan et al 33 reported that delocalised polymer 7t
electrons and the quaternary ammonium nitrogen facilitate strong adsorption on iron,
which leads to better corrosion resistance. Furthermore, double capacitance layer was
studied and shown that polymeric adsorption obeys the Temkin isotherm.

In 1999, Bernard 34,35 conducted EIS and Raman analysis on PANI-EB coated iron in

neutral chloride or slightly acidic solutions and found that only PANI-EB moiety exists
However, in-situ Raman analysis showed that scribed polymeric specimens behaved

accordingly: a) the polymer near to the corroded area lost its conductivity, as shown by
peak decrease at 1330 cm"1 and b) simultaneously wave increase at 1470 cm" due to
elongation vibration of quinoid cycles which indicate "a more oxidised PANI state" i.e.
PANI-EB to PANI-ES. Overall, it was concluded that PANI films displayed some

electronic conductivity, which is not expected for P A N I at these high values. This
implies that metal dissolution plays a part in substrate passivation or corrosion
resistance. He also investigated the specimen in sulphate media and found protection up
to 10 hours.

1.3.2 Mild Steel or Plain Carbon Steel
Mild steel and (MS) plain carbon steel (PCS) are two terminologies used for un-alloyed
and slightly alloyed steels. Generally, this steel grade is made from pig iron and scrap

that is treated in a molten state to reduce the carbon content, from about 1-3 % to < 0.0
%, and other impurities such as P and S.

Once carbon and impurities have been reduced to specification levels, the molten steel
is cast into ingots or strands and subsequently hot rolled (HR), drawn or forged. More

recently, cold rolled (CR) products superceded hot rolled products. During 'hot-rolling',
'hot forging' or 'cold rolling' processes the steel surface is oxidised in air and forms

oxide scales called "millscales" which protect the steel over short periods, however, not
over longer periods. In aqueous solutions and in moist atmospheres the millscales are
detrimental as it promotes pitting.

The addition of elements such as ~ 0.2% Cu increases the corrosion resistance of the
metal. Other elements may also be added to affect the corrosion rate, to a limited
degree. These elements are: Si, Mn, Ni, Cr, Mo, Nb, V, Ti, N2, B and so on. Higher
carbon content (to 0.5 %) can also increase the corrosion resistance of the metal.

P C S w a s considered for corrosion rate investigations, once surface oxides were
removed, as the metal corrodes rapidly in many media, especially in moist atmospheres.
It was a prerequisite for casting polymeric coatings on such material.

1.3.2.1 Electrochemical Impedance Spectroscopy
The examination of PANI coatings on mild steel (MS) or plain carbon steel (PCS) has
been extensively investigated, as the structural metal is of great interest i.e. it is
preserving. In 1996, Beck et al 36

used

electrochemical impedance spectroscopy (EIS)

to investigate the effect of corrosion rate of electrically formed PANI-ES layers on ir
and PCS. The study concluded that corrosion resistance was only attained when
coatings of > 1 um were used. The result is attributed predominantly to barrier effect
and not to electrochemical effect, which was considered insignificant.

Camalet et al 11,16-19 established that electroformed PANI-ES coatings on MS, from

aqueous oxalate acid, were effective and superior to PPy coatings of similar thickness,
when tested in acidic chloride (0.4M NaCl + 0.1M HC1) solution. The corrosion
resistance is attained by the formation of strong adherent films of Fe(II)-oxalate.
Similar tests were attempted on nonferrous metals such as zinc and zinc-nickel alloys,
however, it proved to be unsuccessful as insular ZnC204 layers passivate the substrate
in question and impeded the electropolymerisation process.

Kinlen et al 24>25 used EIS to study the effects of PANI-ES based 'primers' (PANI
dispersed in a polymeric non-conductive matrix on PCS and topcoated using epoxy.
The specimens were scribed and immersed for 500 hours in 3.5% NaCl test solution
prior to EIS analysis. An equivalent circuit was generated and analysed, which

indicated that P A N I introduced another time constant at ~10 kHz. This was interpreted
as formation of an underlying passive layer ("a non-conducting layer, Fe-PANI") that is
beneficial towards corrosion inhibition.

Recently, Kulszewicz-Bayer et al 37 considered the use of PANI-treatment to substitute
the chrornate "post-rinse" process, which is used in the phosphating of PCS. However,
no details were given on the deposition nor-composition of PANI used. EIS comparison
was then investigated comparing PU topcoated PANI treated specimens to conventional
Cr(VI) specimens. The study showed similar behaviour upon initial immersion in 1M
NaCl, pH 4. At 25 days of full immersion, the low frequency impedance of the
chromated samples decreased while the phase angle increased. Conversely, the PANI
treated specimens showed a second time constant that formed at ~1 kHz and shifted to
10"2-10"3 Hz. Authors suggest that the second time constant may be related to substrate
corrosion.

Li, Tan and Lee 28,38 aiso

used

EIS to study the corrosion process of PANI-ES

(Correpair® system without the etchant) in saline and acid electrolytes, with and witho
topcoats. It was concluded that the PANI acts as a mediator by passivating the metal
surface and then being re-oxidised by dissolved oxygen. The mediation process was
found to be more effective in acids and the topcoat useful by decreasing the diffusion
rate of corrosion species. Furthermore, EIS spectral differences were found by
specimens tested in NaCl and HC1 solutions. Two semi-circles were generated in the
Nyquist plot obtained from PANI-ES primed steel (not topcoated) specimen in the acid,
while only one semi-circle was generated in the saline solution. The later agrees with
favourable insular coating formation. The 'insulation' is theorized to have formed in
near neutral pH environment where the PANI particles are 'less doped' and relatively
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non-conductive. A s far as the former case is concerned, two semi-circle formations are
common for redox polymers in contact with a metal. Additionally, the high frequency
circle may correlate to metal re-passivation at scribe or scratch marks and the low
frequency circle represents the re-oxidation of PANI-LE to PANI-ES.

Li et al 28,38 also investigated the effectiveness of the oxide layer (passive layer)
beneath the PANI-primer, post full immersion testing. The PANI-primer was removed
using organic solvents and the passivated metal re-immersed in 1M HC1 for 48 hours.

The EIS showed a single semi-circle that is attributed to iron oxidation and H+ (acidit
and/or O2 reduction reaction. The EIS results were taken as evidence that PANI-ES
does passivate steel, and that the effectiveness of passivation is improved in acid
solution as the redox behaviour of the polymer is higher.

Li et al 28,38 also went on to investigate the effectiveness of the combined PANI-

primer and topcoat with the observation of synergistic effects. The EIS data for the tw
coat system generated a single semi-circle with a 'Warburg tail' at low frequencies
when the specimens were tested in both solutions. The Nyquist plot was typical for

charge transfer reactions limited by diffusion of corrosion species at low frequencies.
Interestingly, the topcoated specimen proved to be impervious to water whereas this
was not the case with the topcoated-PANI-primed specimen. The reason for this
phenomenon was not given. In the later case, the topcoat did not completely seal the

PANI-primer from the electrolyte; however, it proved to enhance the diffusion path that
subsequently inhibited the net corrosion rate.

McAndrew et al 12-14,29

coated

PANI-EB, PANI-ES and PANI-EB-polymer binders

and used EIS to study the corrosion process of un-scribed specimens in 1M HC1. The

pore resistance (PR) of coatings was determined from EIS data. The P R of P A N I - E B
was two orders of magnitude higher relative to PANI-ES(p-TS) specimens. The low PR
of PANI-ES was attributed to its 'polyelectrolyte' character that allows electrolyte
ingress and percolation throughout the coating. Blending PANI-EB with a polyimide
(PI), PU and poly(styrene-co-acrylic) binders can increase the PR. Conversely, with
epoxy binders no improvement in PR was achieved with PANI-EB/epoxy blendes
relative with epoxy alone.

1.3.2.2 Potentiodynamic Study
In 1998, Innis et al 39 studied the effect of electrolytes containing PANI-ES colloids on
the potentiodynamic characteristics of mild steel in 0.25M H2SO4 and 3.5% NaCl. It

was reported that limited passivation was attained an acid electrolyte in the presence of
PANI-ES colloids prepared with various dopants. Conversely, no passivation was
attained in saline solution. The results provide some insight into the effect of PANI on
corrosion resistance of PCS without the complication of barrier effects.

In 1998, Santos

40

used

potentiodynamic polarisation to investigate the corrosion of

PANI-EB on PCS in 3.0% NaCl. The bare-PCS attained Ecorr values of-800 mV to 840 mV (vs SCE), while PANI-EB coated steel had an Ecorr ~ 100 mV higher. The icorr
values were also lower for EB and were attributed directly to dissolved oxygen
diffusion/percolation throughout the coating, which reflected the lower corrosion rate.
When specimens were stored (in a desiccator) for 1 month prior to re-testing, a further
increase in Econ- was attained (~ 200 mV higher relative to bare steel). However, the
value decreased again after the first potentiodynamic test to similar ECOrr values as
freshly prepared samples. The increase in Ecorr on prolonged storage is attributed to the
loss of moisture from the film causing an increase in corrosion resistance.

Sitaram et al 4 1 _ 4 4 used D.C. polarisation tests and found that P A N I coated P C S

attained a lower passivation potential and icorr- These researchers used a PANI prim
and a clear topcoat.

1.3.2.3 Open Circuit Potential Measurements
Lu et al 27,45-48 predominantly used open circuit potential (OCP), however, linear
polarisation (LP); potentiodynamic and polarisation measurements were also used to
examine the corrosion rate (CR) of specimens coated with PANI-primer and topcoat.
Both PANI-EB and PANI-ES(p-TSA) considered for testing. Specimens were drilled

(holiday) to the substrate and immersed in either dilute acid (1M HC1) or saline sol
(3.5%o NaCl). ECorr (OCP or Voc) measurements showed the drilled epoxy samples were
generally constant between -550 mV and -680 mV in both test solutions. Conversely,
when PANI-EB and PANI-ES 'primers' were used, insignificant Ecorr change was
observed in acid, but a more negative potential (-850 mV) was attained in the saline
solution.

Wei et al 9,49 aiso compared the corrosion resistance of PANI-ES versus PANI-EB
specimens when coated onto degreased PCS. After casting EB (from NMP solution)
onto the substrate, the insular polymer was subsequently doped using HC1. The PANI
specimens were then measured up to PANI-ES/epoxy, polystyrene (PS) and epoxy
coated samples. OCP measurements were carried out in 0.1M HO for a period of 30
minutes, which showed that PANI-ES and PANI-EB specimens attained slightly higher
Ecorr values, 20 mV, relative to bare-PCS. When the specimens were tested in 3.5%
NaCl the Ecorr of bare-PCS plummeted from -500 mV to -700 mV (vs SCE) after two
hours before attaining constancy. The PANI-ES specimen also decreased from the

initial Econ value of -620 m V to -700 m V (vs S C E ) then remained constant for
approximately 10 hours. The EB attained an initial Ecorr value of -580 mV (vs SCE),
which dropped to -675 mV (vs SCE) at 30 minutes then gradually increased to ~ -660
mV (vs SCE) after 10 hours. This data indicates that all specimens attained an initial
period of electroactivity before reaching steady state. Furthermore, that EB attained
higher Ecorr relative to ES coated specimens, which is itself slightly higher than bare-

PCS. Polarisation resistance (Rp) tests were also carried out on the specimens, this ti
in 5% NaCl. PANI-EB specimens attained an Rp value of 3 x 10 Q/cm , which is
-50% higher relative to bare-PCS. The epoxy-coated specimen attained 10 Q/cm .
Tafel plots were also determined and showed lower icorr values for PANI-EB relative to
epoxy only specimens. After electrochemical testing it was observed that EB produced

no visible rust while the other specimens did. Based on electrochemical and visual data
it was concluded that EB offers more corrosion resistance than other considered
specimens. The best system was PANI-EB coated steel, post treated in Zn(N03)2 and

topcoated using epoxy. There was no discussion on the effect of corrosion resistance by
the Zn(N03)2 treatment.

Wei et al

50

also studied aniline oligomers as coatings on PCS. Amino-terminated

aniline primers having Mn of 2300 (vs PS standard) were dissolved in NMP and cast
onto pretreated PCS to a thickness of 20-130 pm. OCP measurements were then carried
out in 5% NaCl, which showed that EB attained a higher Econ- value relative to
chromium containing specimens. The Rp value of oligomer specimens was ~ 2 orders
of magnitude higher relative to bare-PCS. The icorr was also lower relative to all other
samples including conventional PANI-EB/epoxy topcoated specimen.

In 1994 and 1996, Wessling et a/ 31,51 initially studied the potential shift, Ecorr, of P C S
coated with Versicon® PANI. Values of up to +800 mV and +300 mV were attained for
PCS and SS, respectively. In later work Wessling et al

52 54

"

used EIS (in 5% NaCl) to

study the corrosion behaviour of PANI-primer on PCS and various topcoats. No change
in coating capacity and resistance was observed in a two-part epoxy topcoat system
during immersion. Conversely, a rapid decrease in resistance and an increase in
capacity occurred for a one-part acrylic topcoat system. A two-part acrylic topcoat
system gave intermediate results. For comparison, a commercial zinc primer was used
with an epoxy topcoat and an epoxy only specimen. The results showed that the latter
samples attained a decrease in resistance and an increase in capacity after 6 days of
immersion. The principle mechanism of failure was reported to be the transport of
electrolyte ions to the metal surface where disbondment occurs, followed by "underfilm" corrosion.

Talo et al

55

studied PANI-ES(CSA) blended into epoxy and cast onto PCS. The epoxy

was cured using BF3-based Lewis acid. These workers reported an increase in Ecorr of ~

500 mV and a significant decrease in icorr relative to bare-PCS. More recently, Talo e

56 tested PANI-EB also blended with epoxy and reported that it was superior relative to
PANI-ES specimens in saline solution. However, the reverse was found in acid test
solutions.

1.3.2.4 Tafel Plots 5?,58
Tafel plots of PANI-primed steel compared to the epoxy coated (drilled) steel showed a
decrease in ECOrr and icorr for PANI-ES primed specimens but not for PANI-EB primed
specimens, when tested in 1M HC1. Similar tests in 3.5% NaCl confirmed the decrease

in Ecorr, however, showed

no decrease in icorr (for all specimens). Finally,

potentiodynamic studies showed a strong tendency to passivation of PANI-EB and
PANI-ES primed specimens, especially above ~ +750 mV in 1M HC1. Conversely, no

evidence of active/passive layer was generated in saline test solution. Interestingly,

tests show a significant decrease in iCOrr values for PANI-EB primed specimens relativ
to PANI-ES primed specimens and epoxy (only) coated test samples. This is contrary to
the Tafel results already reported in which little difference in icorr was observed.

Pud et al 59 nave recently compared PANI-EB and PANI-ES coatings on MS with

particular interest in the type of dopant used with the ES. Tafel plots were studied b
in 0.1M HC1 and 3.5% NaCl for specimens containing PANI-primer and epoxy topcoat
and a 1.5 mm holiday drilled to the substrate. The PANI primer was either PANI-EB
(dedoped Versicon®) cast from NMP; the EB was redoped to PANI-ES(pTS) by
immersing in pTS solution. Other dopants were also considered such as (±)-10camphor-sulphonic acid (CSA), dodecylsulphonic acid (DDSA) and
dodecylbenzenesulphonic acid (DDBSA). In saline solution only small increases in ECOrr
were attained (0-60 mV) for PANI-primed specimens relative to epoxy only specimens.
On the other hand, significant decreases in icorr values were attained for PANI-EB (by
factor of 4) and PANI-ES(pTS) (by a factor of 2.8) specimens relative to epoxy only
specimens. When PANI-ES primers were non-topcoated a slight increase in iCOrr was
observed. The authors concluded that PANI-ES(pTS) attained the lowest \con (by factor
of 18) while PANI-EB was less effective (factor of ~ 1). The other considered dopants
were as follow: PANI-ES(CSA) and PANI-ES(DDSA), which slightly decreased the
icon- while PANI-ES(DDBSA) slightly increased the icorr compared to epoxy only
specimens. The obtained electrochemical data (Table 1.1 and 1.2) showed that the
corrosion current at MS could be reduced by PANI-ES coating, which was made from
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PANI-EB cast from NMP solution, followed by re-doping. They believed that iron
oxides passivated the steel surface under the coating in aqueous solutions, however,
if cast from xylene or chloroform solutions.

59

Table 1.1. Specimens tested in 3.5% N a C l
Coating

Ecorr (mV vs Ag/AgCl)

Icorr (|AA Cm" 2 )

Y

S'/S

bare-PCS (08U)

-568

3.45

~

1.9

PANI-ES(CSA)/PCS (08U)

-590

6.9

0.5

16.4

PANI-ES(DDSA)/PCS (08U)

-630

5.9

0.6

1.0

PANI-ES(DDBSA)/PCS (08U)

-570

4.8

0.7

7.1

Icorr (UA C m 2 )

Y

S'/S

Table 1.2. Specimens tested in 0.1 M H C 1

Coating

ECorr

59

(mV

VS

Ag/AgCl)
bare-PCS (08U)

-460

11.1

—

1.0

PANI-ES(CSA)/PCS (08U)

-470

6.1

1.8

8.8

PANI-ES(DDSA)/PCS (08U)

-430

8.7

1.3

1.0

PANI-ES(DDBSA)/PCS (08U)

-470

13.7

0.8

3.9

It was also predicted that PANI-EB, or possibly its complex with Fe, catalyzed the

surface oxidation. Different Ecorr and iCorr values reflect corrosion deceleration, y
coating delamination ratio, S'/S, in 3.5% NaCl and 0.1M HC1, when different dopants
were used, refer to Tables 1.1 and 1.2 59,
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1.3.2.5 Electrochemical Noise Measurements
In 1999, Tallman et al

60

used electrochemical studies of PANI-ES coated PCS to

analyse both topcoated and non-topcoated systems in 3.5% NaCl. When non-topcoated
specimens were investigated the Ecorr was found to be more noble and the icorr lower
relative to bare-PCS. EIS showed an increase in charge transfer resistance during
immersion. Furthermore, electrochemical noise measurement (ENM) showed activity
during the initial stage (2 days) of full immersion. Performance of PANI-ES/epoxy

coated steel specimens attained "superior" corrosion resistance relative to epoxy only
specimens and to PANI only coated systems.

1.3.2.6 Scanning Kelvin Potentiometer
Under specimen coating(s) and in scribe marks, Wessling et al 31,51-53,61,62 also
studied surface potential measurements using the Scanning Kelvin Potentiometer
(SKP). For PANI-primed-epoxy topcoat specimens the potential under the coating
ranged between 0.0 mV and +150 mV with respect to SHE. Conversely, at scribe marks
the potential was +100 mV to +150 mV. In comparison, the same topcoated-primer
(without PANI) attained -200 mV to -100 mV under the coating and -200 mV to +100
mV in scribe marks. The same method was used to measure the delamination beneath

the coating where a lower rate was observed for PANI-containing primer relative to the
same system without PANI. Furthermore, the PANI-containing primer when used with
various acrylic topcoats also gave high delamination velocity.

1.3.3 Stainless Steel
1.3.3.1 Open Circuit Potential
Stainless steel (SS) is another structural alloy which as been extensively studied as
as corrosion prevention using ICP's. In 1985, DeBerry et al 15 made first observation

of anodic protection of S S by P A N I - E S coatings. The coatings were cast on grades

"410" and "430" by electrochemical polarisation of aniline in a perchloric acid solutio

in order to incorporate the perchlorate anion into the polymeric system. Corrosion test
were carried out in 1M H2S04 and in acid-chloride (0.2M H2S04 + 0.2M NaCl)
solution. In the sulphuric acid the corrosion rate (CR) of bare-SS was 3.1 x 104 um/yr
having an OCP (Ecorr) of-500 mV, while the PANI-ES/SS coated specimens attained 25
um/yr and the Econ slightly above 0.0 mV. With time, the EC0IT of PANI-ES/SS coated
specimen decreased rapidly due to coating/polymer breakdown and thus increased the
CR proportionally. DeBerry concluded that EC0TT measurements over time was adequate
to predict the CR of specimens. DeBerry also stated that increasing the corrosion

resistance by anodic means in chloride containing electrolytes is difficult as the anio
cause metal pitting. He investigated the effect of PANI-ES/SS specimens in chloride
solutions and concluded they were superior to natural passive oxides that formed on the
metal surface. Furthermore, ES's promoted the reformation of passive oxides.
Significant oscillation in ECOrr vs time tests were observed in chloride electrolytes,
presumably due to the formation and re-passivation of pits.

In 1996, Ahmad and MacDiarmid 63 investigated PANI-EB coatings on SS, in dilute
sulphuric acid and acidic chloride solution, by monitoring the OCP versus time. Metal
pretreatments were said to improve the corrosion resistance by polymeric coatings as it
provided better adhesion (anchorage) of the coating to the metal. Normally, SS (grade

430) was pretreated in various acid solutions which gave different degrees of protectio
i.e. bare metal strips were dipped into various 'treatment' solution such as H3PO4,
H2SO4, polyphosphoric acid and metal chelating agents, alizarin sulphonate and
chromotropic acid then cast with PANI-EB coatings. The longevity of specimen ECOrr
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held above the ECOrr of bare-SS was referred as "duration" (measured in days). Table
1.3.

Table 1.3. ECOrr duration values and chemical pretreatments for SS-430 grade
Treatment

Medium

Ecorr

Duration
(days)

HNO3/EB

0.2N H 2 S0 4 + 0.1M M NaCl+ 0.15 M Na 2 S0 4

<1

H2Cr04/EB

As above

~4

H3PO4/EB

As above

>5

Alizarin/EB

0.1NHC1

>53

HF+H3PO4/EB

As above

11

HF+(COOH)4/EB

As above

6

Polyphosphoric acid/EB

As above

>29

The authors believe that substrate pretreatment, with say phosphoric acid, reacts with
the iron content of SS and forms iron phosphate, Equation 1.2.

Fe + H3PO4 -5> FeHP04 + H2(g) Eq 1.2

In turn, the proton from FeHP04 dopes PANI-EB nearest to the iron surface and forms
a complex, which provides better adhesion and better corrosion protection, Figure 1.3.
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Figure 1.3. Possible reactions between iron, phosphoric acid and PANI-EB
Copied from Ahmad and MacDiarmid "

The chelating agent, chromotropic acid and alizarin sulphonate also react with the
nitrogen atoms of PANI-EB along similar lines, however, from sulphuric acid
pretreated stainless steel. Equation 1.3, and Figures 1.4 and 1.5.

Fe + H 2 S 0 4 -> Fe 2 + + S0 4 2 " + H 2 (g)
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Figure 1.4. Possible reactions between ferrous ions, chromotropic acid and PANI-EB
Copied from Ahmad and MacDiarmid *"
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Figure 1.5. Possible reactions between ferrous ions, alizarin sulphonate and PANI-EB
Copied from Ahmad and MacDiarmid *"

Li, Ma and Yang 38,64 studied PANI-ES/SS (grade '304') specimens in chloride

solutions by the OCP method. These workers reported that specimen Ecorr increas

iCorr decreased, in 3.0% NaCl and 0.1 M H2S04, relative to bare-SS. However, no C
observation was made when specimens were tested in 1M HC1.

In 1999, Malik et al 6 5 investigated the effect on C R by dispersing Pt micro particles
into PANI as an electrocatalyst for oxygen reduction. The test was carried out
acid. By subsequent potentiodynamic studies, these workers concluded that

electrodeposited PANI-ES(C104") on polished SS, in 1M H2S04 attained higher ECOrr

values (-700 mV to -760 mV) and an order of magnitude less for icorr, relative t

SS. Malik et al 6 5 linked the lower icorr values to the formation of passive oxide layer
that formed beneath the polymer as PANI elevated the Ecorr of SS into the passive
region. Oxygen reduction at the PANI/SS interface is thought to improve the
passivation of the substrate as slow re-oxidation of PANI-LE to PANI-ES rejuvenates
the polymer and thus persists to be electroactive and maintains the substrate in the
passive mode.

The role of oxygen reduction was further studied by electrodepositing Pt micro particles
in the PANI-ES(C104") matrix. These Pt particles are thought to catalyze oxygen
reduction in an acid solution. When tested in 2M H2S04 the Ecorr for Pt/PANI/SS
specimens drifted to ~ +250 mV (vs SCE) relative to bare SS at ~ -550 mV (vs SCE).
As the former specimens attained a relative anodic region and entered into the passive

zone its CR considerably decreased. By deaerating the test solution with argon, the ECOrr
of specimens declined, however, recovered when aeration (O2) was reintroduced.

Authors claim that the higher the rate of oxygen reduction at the Pt particles causes th
PANI to oxidise to a higher degree than occurs in Pt-free PANI. This additional
reduction reaction is believed to be important in maintaining the passive state of SS in
an acid solution, and the PANI coating alone is not sufficient to stabilise the passive
surface.

1.4 MECHANISM OF CORROSION PROTECTION
1.4.1 Formation of Reaction Layer
A passive layer or an interlayer is considered to be an oxide layer that forms between
two dissimilar materials as a result of substrate-polymer-environment interaction. The
passive layer is generally considered to be thin, nonporous, adherent and water

insoluble, and thus is able to increase the corrosion resistance of its underlying metal
substrate under aggressive conditions.

In 1992, Troch-Nagels et al 66 initially theorized that highly conducting organic
coatings electropolymerised on PCS "can replace electrochemical corrosion". Kinlen et
al 24 adopted the theory and proposed that ICP's are responsible for anodic protection

of the substrate. They reported that protection occurs due to the ECOrr shift to the pas
region for the metal, in a specific electrolyte. The proposed reaction between the
oxidised form of polymer (ECP m+) and the metal (M) is:

IM

+

l£CPm+ +^H20^-M(OH){"-y)+ + -ECP0 +^H+ Eql.4
n
m
n
n
m
n

The polymer can be automatically re-oxidised by atmospheric or dissolved oxygen:

___0 +™H20 + ECP° ^ECPm+ +mOH~ Eql.5
4 2 2 2

Epstein et al

67

studied the interaction between PANI and PCS using XPS and various

electrochemical techniques. The substrate material was cold rolled steel that was
solvent degreased and, in some cases, abraded before casting PANI-EB from NMP. The
specimens were tested in a high humidity cabinet. XPS study showed that all specimens
developed a two-oxide layer consisting of Fe304 (thicker bottom layer) and Fe203
(upper layer), respectively. Fahlman 68>69 and Epstein

67

also confirmed this

phenomenon. The upper oxide layer did not change significantly with exposure to
corrosive environments, whereas the lower oxide layer thickness greatly depended on

the type of polymer. With P A N I - E B the oxide layer thickness was relatively constant,
while PANI-ES(Cl') and bare-PCS showed substantial thickening.

In another study, Fahlman et al 68,69 sputtered iron into PANI-EB in ultra high vacuum
and exposed the specimen to ambient conditions for 1 week. Iron species were present
throughout the entire 1 pm thick coating and the charge transfer from iron to the imine
nitrogen of EB noted from the position of the XPS peaks. The results were interpreted
as Fe^ doping and donating charge (electrons) to the EB while Fe° diffused throughout
the polymer that formed metal complexes with EB. Electrochemical potentiodynamic
studies, in salt solutions, on PANI-EB/PCS specimens attained lower iCOrr (one order of
magnitude less) and higher Ecorr values i.e. -720 mV for PCS and -370 mV for PANIEB/PCS specimens.

Beard et al

70

studied the reduction of PANI-EB to PANI-LE after the former was cast

onto SS and exposed to atmospheric testing. XPS analysis showed a charge transfer
from the metal to the polymer, and heating the specimen in a vacuum enhances the
process. Heating in air caused re-oxidation of PANI-LE to EB. Conversely, Bernard et
al 34 observed the opposite effect, however, in neutral chloride solution. Raman
spectroscopy showed the formation of PANI-ES polaron* formation after PANIEB/iron exposure to test solution. (Refer to Glossary)*

DeBerry et al

l5

predicted that PANI-ES is reduced to a less doped form during the re-

passivation stage that formed on PANI-ES/SS specimens when tested in a chloride
electrolyte. Once the SS became re-passivated the PANI coating transformed to a dark
green colour as a result of re-oxidation by oxygen.
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Kinlen et al 2 3 "26 studied the oxide layer chemistry on P C S using X P S . They analysed
the substrate before and after PANI-ES deposition, and found that major changes took

place such as the reduction of iron oxides to hydroxides, loss of elemental Mn and the
presence of residual PANI with sulphuric acid dopant.

Lu et al 27>45 also studied the oxide layer formation on bare-PCS from PANI-EB/PCS
and PANI-ES/PCS specimens, followed by epoxy topcoated and 'pinhole' drilled
specimens. Visual inspection showed that a grayish oxide covered the substrate. In

addition, that the initially oxide formation formed around the periphery of the pinho

and then gradually crept inwards filling up the hole. The distance of the oxide growth
was limited to ~ 2 mm, although in one particular case (epoxy/PANI-ES/PCS in HC1)
crept to ~ 6 mm. Lu et al 27,45 aiso studied the oxide layers of non-topcoated PANIES/PCS specimens which were immersed in 3.5% NaCl. After full immersion testing,
the polymer coating was removed to allow substrate XPS analysis. They found that its

surface was mainly composed of two oxide layers, the first being a relatively thin Fe
layer while the second Fe304 under-layer was relatively thicker. Both oxide layers

provided a degree of corrosion protection. It was a similar observation to Epstein 67.

1.4.2 Electrochemical Protection
Troch-Nagels et al 66 originally theorized that conducting organic polymers such as
PANI, electropolymerised on PCS and can overcome electrochemical corrosion.
Stejskal et al 10, Troch-Nagels et al 66 and Wang et al

71

reported that PANI has four

different structural states and properties according to oxidation and pH. However, on
the oxidised form, PANI-ES, is suitable for corrosion study as its conductivity is

between 1 and 10"2 S/cm (-."'cm'1). Other P A N I states are insular. P A N I was
electrochemically synthesised on PCS and SS in aqueous electrolyte, or water saturated
with methanol, at 800 mV (vs SCE) at a potential set below 1150 mV as to avoid
substrate dissolution and oxygen evolution. Potentiostatic corrosion testing in 0.01M
H2SO4 showed a gradual decrease in current density of the specimen. However, if
current density was kept constant (i.e. between 0.05 and 0.3 Acm"2), the Econ increased
with time. The lowest current density value produced best PANI films. Finally, it was
reported that PCS must be electrochemically passivated (in borate solution) in order to
avoid substrate dissolution during the subsequent polymerisation process. Overall,
PANI coated specimens did not increase the corrosion resistance of PCS by
electrochemical protection. This phenomenon is confirmed by Jasty and Epstein

72

who

concluded with XPS studies on 350 and 70 Angstroms thick Fe specimens that doped
PANI-ES(HCl) does not provide effective corrosion protection for Fe. On the other
hand, neutral PANI-EB does passivate Fe surfaces with a thick layer of hematite and
that topcoating is not required; "an undercoat is effective". The mechanism of
passivation appears to have an electronic origin.

More recently, in 1998 Epstein et al 67 added that charge transfer from the substrate
into the quinoid level of PANI-EB takes place due to the formation of iron-EB
complex. This enables anodic passivation of steel surface to occur. Re-oxidation of
PANI-EB by the corrosive environment (e.g. water, oxygen) continues the charge
withdraw from the substrate, which causes and maintaining a more noble potential.
Furthermore, the migration of Fe cations into the EB coating, forming Fe-EB, further
improves the corrosion resistance of steel.
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1.4.3 Inhibitor Effect
It is also possible that PANI coatings act as inhibitors. Klavetter et al

73

studied PANI

on SS and found spectroscopic evidence that protonated diamine forms a ligand with
the electron rich surface metal. The "pi-acid" interaction promotes adhesion and
improves the corrosion inhibition for SS. The author suggests that the same inhibition
mechanism may be responsible for the corrosion protection afforded by PANI-coatings.

Luo et al

74

evaluated corrosion inhibition efficiencies of PCS in acid solutions using

alkylamines and monomeric aniline by Linear Polarisation Resistance (LPR) and

weight loss methods (WL). The author reported that aniline is an effective inhibitor for
PCS in that medium, Table 1.4. However, in aqueous saline solution the inhibition was

limited due to the precipitation of chloride anions at the substrate surface. For exampl
the Ecorr of steel in the studied acidic media (pH 1-3) were between ~ -240 mV to -400
mV (vs NHE) thus indicating compatibility with cationic type of surfactants i.e.
alkylamines and aniline hydrochloric salts. However, in the presence of chloride, up to
0.6 mol/dm3 (i.e. 21.27 g C17L), maximum efficiency was only 35%, Table 1.5. The
lower efficiency indicates that negatively charged chloride anions are weakly adsorbed

on the steel surface and could not substitute the adsorbed water molecules. Furthermore,

as the ECOrr were relatively static, with increasing chloride concentrations, it indicat

that Cl" partly inhibited both the anodic and cathodic half reactions. On the other hand
in the presence of organic inhibitors the substrate became covered with organic-salt

precipitation that significantly reduced the corrosion rate. Generally, in acid solution
aniline was found to be an effective inhibitor for PCS 74, however, not in saline
solutions due to the presence of chloride ions.
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Table 1.4. Corrosion inhibition efficiencies evaluated from L P R and weight loss
methods 74.
Inhibitor

Cone (ppm)

Rp

Inhibitor

Weight

(ohm cm"2)

Efficiency (%)

Loss (WL)

Inhibitor

Efficiency

(%)

(mg/10cm2)
Blank

~~

25

—

11.05

—

An

1000

33.3

25

7.56

32

EAn

1000

29.2

14

8.72

21

PES(Cl)

10

62.5

60

6.63

40

PEA(SMA)

10

175

86

2.1

81

PEA(L)

10

125

80

4.18

62

PES(Cl)

50

175

86

2.04

82

PEA(SMA)

50

230

89

1.31

88

PEA(L)

50

250

90

1.27

89

A n = aniline monomer; E A n = ethoxy aniline PEA(Cl), P E A ( S M A ) and PEA(L) = poly
ethoxy aniline doped with Cl and SMA, and counterion leached (L), respectively.

Table 1.5. Electrochemical values7^ as a function of [Cl"] in 0.25 mol/dm3 Na 2 S0 4 (pH 1)

[Cl] (mol/dm3)

Ecorr ( m V VS S C E )

Icorr (pA/cm2)

IE (%)

0.0000

-494

184

—

0.0004

-493

184

0

0.0040

-495

168

9

0.1000

-495

159

14

0.3000

-493

136

26

0.5000

-494

122

34

0.6000

-493

119

35
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1.5 POLYPYRROLE ON IRON AND STEEL
1.5.1 Introduction

Polypyrrole (PPy) was first isolated in 1834 from coal distillation, characterised

and its composition determined in 1870 7^. Numerical numbers or Greek letters, Fig
1.6, indicates ring positions of the pyrrole monomer 76.

0' or 4

3 or j_

a' or 5 1

2 or a

H
Figures 1.6. Designated pyrrole monomer positions.

For PPy, monoanionic, multianionic and polymeric dopants have been studied
extensively 77-84 Different properties can also be attained by polymerization of

substituted pyrrole monomers, on the nitrogen atom, Figure 1.7a or at the third c

position, Figure 1.7b 76. Another approach is to substitute the monomer with an io

group, which can act as the dopant in the oxidised form of the polymer forming a "
doped" system such as the one in Figure 1.7c.

a
R
1
TsT
R

H

(CH2)3S03

Figures 1.7. Substituted pyrrole monomer positions where substitution can occur.

The (CH 2 )3S0 3 " functional group can attract a positive cation to attain a ( C H 2 ) 3 S 0 3 " M +
format 76. Generally, pyrrole derivatives with substituents in the |3 position are less
soluble in non-aqueous solutions relative to corresponding a-substituted pyrroles 76.
Pyrroles with no substituents on the nitrogen atom readily loose its proton and forms a
stabilized pyrrolyl anion, which can then react with alkali to form salts 76.

PPy has become one of the most studied conductive polymers with respect to corrosion
resistance on functional metals as the novel material had the promise to form protective
passive layers when coupled to plain carbon steel 77, %$, 86? 87? 79 The pyrrole
monomer is also a non carcinogenic compound (relative to aniline) 7^, soluble in
alcohol, benzene and diethyl ether, partially soluble in water and aqueous alkali, and it
has a medium polarization potential 66 which makes it possible for direct
electropolymerisation on oxidizing metals such as on PCS. In addition, PPy films are
readily processable and environmentally acceptable. As a result, PPy films have the
potential of replacing conventional chromating and phosphating systems.

1.6 DEPOSITION OF POLYPYRROLE ON IRON AND STEEL
1.6.1 Electrochemical
PPy can be applied to substrates by the electropolymerisation process, either
potentiostatically or galvanostatically. Electrochemically synthesized PPy has certain
advantages, such as it forms an insoluble material (film or coating) of high conductivity
and adhesive strength, and it can be electrodeposited directly onto substrates. However,
it also has a few drawbacks. According to Stankovic et al 88 the polymerisation process
utilizes a small amount of counterion from the electrolyte and the final film becomes

brittle. Nevertheless, PPy films can attain certain structure and homogeneity. Equation
1.6 represents the basic electrochemical synthesis of PPy.

"Py(mon) + nyK -> [PPyyf(A")y]„| + 2nH+ + «(2+v)e~ Eq 1.6

Where: n is the degree of polymerization, y is the degree of oxidation (doping and

electron loss), H* is the formed acidity and A" is the negative anion or counterion. The
electrochemical parameters which play a part in PPy film quantity and quality are;

electrolyte agitation, monomer concentration, current density, time, temperature, type o

solvent, water quantity in the reaction cell, and the type and size of the counterion or
dopant.

In 1989, Schirmeisen and Beck 83 studied galvanostatically coated PPy deposited on
iron and other functional metals. The electropolymerization was investigated from
various non-aqueous and aqueous electrolytes and found that iron dissolution occurs
under all test solutions, however, with one exception. It was found that smooth and
adherent PPy coatings are produced on iron, but only from the aqueous nitrate solution.
Furthermore, it was found that the PPy layers were stable in air over a long time.

In 1992, Beck et al 89 found that commodity metals such as PCS and iron could be
electrocoated with smooth and "extremely adherent" PPy but only from deaerated
aqueous KN03 or oxalic acid (H2C204) solutions. These workers used electrodeposition
(ED) techniques and a constant current density of 1 mAcm"2, to control the
electrosynthesis. Chronopotentiometry was used to study electrodepo sited
films/coatings in water-soluble aromatic and heteroaromatic compound solutions. Beck

et al 86 reported that a relatively thick passivating metal oxalate interlayer is formed
between the PPy coating and the substrate.

Ferreira et al 82, 90, 91 overcame the dissolution problem by substrate pretreatment in
aqueous 10% HNO3 prior to electrodeposition. Many other studies, reviewed in the next

section, used the partial passivation of the steel surface by nitrate and other species as
means to successfully electrodeposit PPy coatings on steel.

Recently, De Bruyne et al 77' 85 electrodeposited PPy of about 800 nm thickness on 6
urn polished steel from aqueous 0.5M Na2S04 and 0.1M oxalate solutions, and
confirmed the advantages of oxalic acid in the electrolyte. De Bruyne concluded that
the iron-oxalate intermediate layer developed prior to the electropolymerisation step
and was primarily responsible for the adherence of the conducting polymer layer.

Iroh et al
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and Su et al 84,93 have also recently shown that the iron-oxalate interlayer

forms during an "induction period" before polymer deposition occur. It was found that
the induction-period was evident when electropolymerisation was conducted from
acidic media; however, no induction-period was observed in alkaline electrolytes.
Coherent, smooth and adherent films were made from low pH electrolytes using a low
applied current density. On the other hand, high current density values in alkaline
solution lead to brittle and poorly adherent PPy coatings.

1.6.2 Chemical Synthesis and Deposition
Chemically prepared PPy is an insoluble black powder or particles with lower
conductivity value relative to electrosynthesized PPy 88, 94, Yet, the process usually
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attains high yields in aqueous solutions. Equation 1.7 represents that chemical
synthesis.

"Py(mon) + n(2+y)[Ox] + nyK -> [PPy^(A")J„4 + 2 nit + n(2+y)[Red] Eq 1.7

Where: n is the degree of polymerization, v is the degree of oxidation (doping and
electron loss), [Ox] is the oxidant concentration, [Red] is the concentration of the
reduced form of the oxidant, EC is the formed acidity and A" is the negative anion or
counterion. The equation indicates that the reaction is dynamic. For example, pH and
reactants decrease with time as well as the electrolyte potential, as the ratio of
[Ox]/[Red] changes. In addition, large amount of oxidant is needed for the
polymerization process to continue at a constant rate. Once synthesized, PPy can then
be applied to metal substrates by brushing, rolling, spraying, dispersing into other
polymers and so on.

1.6.3 Casting of Soluble Polypyrrole
Tallman et al 95 also investigated the corrosion properties of soluble poly(3-octyl
pyrrole) coatings (which were scribed) on cold rolled steel (Q-Panel) in 3% NaCl. This
monomer has an octyl chain attached to the 3-position to impart solubility
1.8.
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?
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Figure 1.8 The structure of 3-octyl-pyrrole monomer

The polymer is galvanostatically synthesised on platinum at a current density of 1 mA
cm"2 from a solvent mixture of CCL (80%) containing 0.1M 3-octyl-pyrrole monomer,
0.1M tetrabutylammonium perchlorate and 0.025M tetrabutylammonium ptoluenesulphonate. The soluble fraction of the polymer is then recovered from the
mother liquor and re-dissolved into 50%-50% CCL-acetonitrile solvent. The final cast
polymer coatings were electroactive and conductive (ca. 5x10" Scm" ). Tallman et al 96
then used scanning vibrating electrode technique (SVET), SEM, energy dispersive Xray (EDX) analysis to investigate the specimens under consideration.

It is important to note that conductive polyanilines cannot be readily electrodeposited
directly onto a PCS surface but PPy can. In order for PPy to enhance the metallic

resistivity against metallic corrosion by redox, barrier and passivation mechanisms, it i

extremely important that the polymer outlasts the material it is protecting. This can onl
be accomplished if it has low permeability and high resistance against water
disbondment i.e. good adhesion under 'wet' conditions. Thus, PPy can be readily

electrosynthesized onto an appropriate substrate or onto some inert electrode, physically
reclaimed, pulverized into a powder, which can be dissolved or blended in some solvent
e.g. acids. The modified PPy-solvent matrix can then be applied onto substrates under
investigation by dip coating, 'drawdown' bar, spraying or simply by brushing/rolling
methods.

1.6.4

Plasma Polymerisation

In 1996, Loh et al 97 modified the surface of PPy films (and polyaniline) by an argon
plasma treatment. This treatment is said to improve polymer physiochemical properties

e.g. wettability, adhesion, lubrication and biocompatibility. The argon plasma treatmen
produced "minor oxidations of the carbon atoms" but decreased the intrinsic oxidation
state of the polymer. In 1999, Van Ooij 98 a[so improved the corrosion resistance of
engineering metals (PCS) by using topcoats on a modified substrate interface or along

similar lines to Loh et al 97. PCS modification was carried out by depositing a thin fil
of plasma polymerized PPy and hexamethylsiloxane or organofunctionnal silanes to the
substrate followed by a polyester or polyurethane topcoat.

1.6.5 Other Techniques
Lacroix et al 99 described electrodeposition of two different conductive polymers on
PCS, in a two-step process. For example, the pretreatment step was to polymerise a thin
film of PPy onto the PCS followed by polyaniline casting on top. They showed

electroactivity in acidic electrolytes similar to that of polyaniline on platinum, whic
indicative that the substrate is fully protected or becomes inert.

1.7 ELECTROCHEMICAL CORROSION TESTS
1.7.1 Iron
In 1989, Schirmeisen and Beck 83 initially explored the effect of galvanostatically
electrodeposited PPy iron in non-aqueous and aqueous electrolytes containing various
anions. Schirmeisen and Beck 83 reported that PPy coatings can not be electrodeposited
onto iron if the electrolyte contained specific anions such as, BF4", CIO4", HSO4 , SO4

H C 0 3 " , H 2 P0 4 ", H P 0 4 2 " and H 2 B 0 3 " . However, they included that well adhering PPy
films can be synthesised on iron in the presence of N03" anions, and between
concentrations of 0.01M and 1M 83 jnQ

current

densities used for PPy

electrodeposition generally ranged between 0.5 to 1 mA/cm2 83,

In 1994 Beck et al 86 reported, for the first time, the so-called "auto-undoping" of
electrodeposited PPy films (using 2 mA cm'2) on iron in an aqueous 0.1M oxalic acid.
The authors also reported that strongly smooth and adherent polymer layers are formed.
Slow potentiodynamic IE study (of scan rate 2 mV/s) show voltammetric behaviour of

iron in the matrix. Initially, a 'short induction period' occurs where anodic dissolutio

of Fe happens at high (more active) negative potentials, followed by passivation at -250
mV (vs SCE) and then additional oxidation of Fe2+ to Fe3+ at +500 mV (vs SCE). The

perfect polymer is attained when Fe(II)-oxalate interlayer is attained. The reverse scan
of uncoated iron produced a sharp anodic peak at +200 mV (vs SCE) that is attributed
to re-passivation by Fe(II)-oxalate layer, which was previously destroyed during the
forward scan at positive potentials. Cyclovoltammetric curves of PPy coated specimens

show initial passivation and no Fe(II)-oxalate re-passivation in the back scan directio
at +200 mV (vs SCE). Only polymer reduction was observed during the back scan.
Generally, the process of polymer de-doping or reduction occurs in water or aqueous
electrolytes. Furthermore, "the process is driven by the anodic dissolution of iron
through polymeric pores". However, any in situ immobilization of anions into the
polymer such as oxalate dianion at higher pH would avoid the problem of PPy "autoundoping".

1.7.2

Mild Steel

Krstajic et al 10° galvanostatically attained smooth and adhesive PPy films on PCS
from oxalic acid solution. They studied the films by electrochemical impedance
spectroscopy (EIS) and suggested that Fe(II)-oxalate and PPy formation is deposited

initially due to steel dissolution at active potentials. This Fe(II)-oxalate formation i

attained because the electrode potential, Ecorr, shifts from negative towards the positive
direction. Furthermore, Fe(II)-oxalate interlayer and PPy are electrodeposited in the

positive potential region. Krstajic et al 100 studied corrosion potential/tile plots and
concluded that PPy coating cannot provide anodic protection to PCS in 0.1 mol dm"3
H2S04. Potential/time plots for PCS/PPy specimens of 0.2, 0.5, 1.6, 2.5 and 2.8 pm
coating thickness demonstrates this phenomenon. The authors claim that steady-state
corrosion potentials were "very near" the Ecorr values of bare-PCS. Furthermore, in
contact with the electrolyte the PPy coating is rapidly de-doped, during a short period
time, as the process is driven by anodic dissolution of PCS through coating pores,
Equation 1.8.

(Ry+Ay2") + 2nye -* (R)n + nyA2" Eql.8

Where (R)n = PPy; A2" = C2042"

After the short period, the total impedance of the system increases with time and
implies that only part of the polymer is reduced, which could be attributed to the
difficulties of counter ion exchange along the pores of the polymer. The evidence of
PPy reduction was obtained by ac EIS studies and proven by complex plane plots,
which were reflected by OCP measurements. The plot was for PPy/PCS exposed to the

electrolyte for up to 214 hours. It contained three semi-circles. The semi-circle at high

frequency represented the response of substrate/polymer interface while at low
frequencies the second semi-circle represents PPy resistance polarisation, Rp. The third
semi-circle at low frequency range represents 'Warburg' impedance, W, i.e. interfacial
impedance by charge-transfer resistance of iron dissolution which reflects cathodic
reduction of PPy. Furthermore, the total impedance increased with exposure time.
Generally, the degree of PPy reduction increases with prolonged exposure time, as does
the total impedance. This phenomenon ultimately lowers polymeric conductivity and
PCS corrosion rate. EIS results show that the corrosion behaviour of PCS/PPy
specimens is "opposite to the expected behaviour" of metal samples coated with nonelectroactive films.

In 1995, Idla et al

87

galvanostatically electrodeposited PPy films onto steel at -5°C

from using different supporting electrolytes in an ethanol-water matrix and showed that
PPy coatings "remarkably" increased the corrosion resistance of steel under saline
conditions. The claimed reduction in corrosion rate was based on specimen Ecorr
ennoblism i.e. positive shifts between 300 to 400 mV (vs SCE) for PPy deposited from
sodium ^-toluenesulphonate (tosylate, ToS) electrolyte. Furthermore, PPy coated steel
deposited from an oxalate electrolyte shifted the Ecorr value nearly +600 mV (vs SCE)
relative to bare-PCS in 1M NaCl. In contrast, an iron(II)-oxalate coating on the steel
produced a slight decrease in ECOrr of-90 mV (vs SCE). Su and Iroh 84,93 aiso

rep0rt

very large increases in ECOrr for electrodeposited PPy on steel in similar electrolytes.

In 1997, Idla et al79 also pursued the study of adhesive PPy(ToS) and PPy(N03) films,
of about 200 nm thickness on mild steel, using atomic force microscopy (AFM) and Xray photoelectron spectroscopy (XPS). The considered counter ions were p-toluene
sulphonate (ToS) and nitrate. AFM study of the metal-polymer interface showed areas
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of different morphology, where polymeric adhesion and disbondment occurs. XPS
showed that large chemical variation occur at the interlayer i.e. a sulphur rich layer
forms at the interface which is indicative of specific counterion accumulation. The
authors also claim that:
• a layer of low conductivity exists between the steel and electrically conductive
PPy(ToS) film
heavily oxidised PPy(ToS) film is formed close to the metal surface
iron is dissolved in the PPy(ToS) film
the number of anions incorporated into the PPy is dependent on the thickness
the interfaces between metal/PPy(ToS) and metal/PPy(N03) are different, and
cohesive and adhesive failure of the PPy(ToS) coating occurs.

Using

AFM,

the

authors

compared

the

interface

of metal/PPy(ToS)

and

metal/PPy(N03) films, of same thickness. They reported that films differed in
roughness i.e. PPy(ToS) films were smoother and more homogeneous relative to
PPy(N03). Furthermore, that interface of PCS/PPy(N03) specimens were more porous
and contained "deep cracks" while that of PCS/PPy(ToS) contained "compact and
layered structure". Similarly, there were clear differences between the topography of
PCS surface after peeling off the films. In the case of PCS/PPy(ToS), fragments of the
polymer remained behind on the steel surface. With PCS/PPy(N03) specimens, the
metal surface "stayed completely covered with a thick layer of uneven roughness". XPS
analysis of the metal surface showed that ~ 82% of the N Is signal was due to nitrate.
However, it has poor adhesive properties with PCS. It was concluded PPy(N03) has
weak interaction between the nitrate layer on PCS and the PPy film.

In 1999, Reut et al
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studied the behaviour of PPy coating on pretreated steel

specimens such as acid pickling and polishing. The pretreated steel specimens were
then electropolymerised with PPy from an aqueous solution of 0.1 M pyrrole and 0.1 M
sodium p-toluene sulphonic acid (p-TSA) at a constant current of 2 mA/cm2. Corrosion
behaviour of PCS was then investigated by anodic potentiodynamic polarization. The
authors reported remarkable shifts in electrode potential, Ecorr, towards the noble
direction and strong decrease of reduction oxidation current.

Troch-Nagels et al 66 aiso studied PPy coated samples on steel along similar lines,
however, in nitric acid. On the contrary, he found that films developed a good structure,
but produced powdery and brittle coatings with low adhesion to the substrate.

In 1998, Tallman et al 96 investigated from a mechanistic perspective alkyl substituted
PPy on steel (and aluminium), cast from organic solutions. Their work was carried out
using EIS and electrochemical noise (ECN) methods in saline solutions. They
concluded that the polymer/steel couple, immediately on immersion, undergoes an

electron transfer as evident from current flow and potential oscillations observed in the
ECN experiments. In addition, their studies suggested that rapid water and electrolyte
ions ingress occurs into the polymeric coating. Within 5 days of full immersion the
electrolyte pH decreased with time and then at some point the electrolyte is stabilized.
In parallel the steel oxidized and the polymer became partly reduced, which led to an
increase in charge transfer resistance. After 5 days, specimen variations continued as
evident by the potential ennoblism and by the increasing charge transfer resistance.

1.8

MECHANISM OF CORROSION PROTECTION

1.8.1 Formation of Reaction Layer
Since most studies of corrosion protection of iron and steel using PPy coatings have
used an electrochemical deposition technique that involves partial passivation of the
metal surface, there have been numerous studies on the nature of the passive layer

formed. These studies are reviewed in this section, as it is likely that the passive la
formed during polymerization and the interaction of the passive layer with the PPy
coating are primarily responsible for the corrosion protection.

In 1994, Beck et al 86 worked on PPy/iron and PPy/PCS coupling systems. They
pioneered the method of galvanostatic polymerization of strong adherent N-substituted

pyrrole films on iron (and on platinum for comparison). Iron passivation was attained in
an aqueous oxalic acid or potassium nitrate solution, and in an organic propylene
carbonate matrix. They proved the passivation phenomenon by the revealing the
formation of an iron (II) oxalate interlayer by using chronopotentiometry, XPS and
SEM. Also in the same year, Beck et al 7,86,89,102 published significant papers on the
influence of current density, pyrrole concentration addition to aqueous KN03 solution

on the electrodeposition process. In addition, on electrochemical and physical propertie
of the PPy layers on iron. Their most significant outcome was the detection of "autoundoping" of PPy on PCS, reduction in polymeric conductivity, increased resistance,
which reduces substrate corrosion rate.

In 1997, Su et al 93 also considered electropolymerised PPy films on steel for
anticorrosion purposes. However, the electrolyte was oxalic acid and sodium
bicarbonate solution (pH 1-9). Su et al 93 confirmed Beck's work 7,86,89,102 mat steel

dissolution occurs preferentially to pyrrole oxidation and supports the fact that smooth
and strong adhesion to steel can be attained under specific electrochemical conditions.
Using potential-time curves in acidic media (pH 2-4), before the polymerization is

initiated, an "induction period", x, arises in the negative potential region and within t
time period (< 500 s) a protective passive layer is formed with no polymerisation. At
the end of that phase, the potential rose sharply to positive potentials, > +250 mV (vs
SCE) then decreased to "steady-state" of about +750 ± 100 mV (vs SCE). It was during
this second time period that PPy formation occurred. In acidic media, x decreased with
increasing current density. For example, for electrolyte pH 2-4 and current density of
0.56 mA/cm , x was -345 seconds. On the other hand, if 5.63 mA/cm was applied, x
. became 24 seconds. Increasing the current density above 2.25 mA/cm led to the
passivation of PCS and the induction time was 82 s at 5.63 mA/cm . On the other
extreme, no induction period was observed in alkaline electrolytes. PPy composition
and morphology were studied by FT-IR and SEM and results show that coating
properties were all dependent on electrochemical parameters. For example, SEM
micrographs of PPy deposit on steel (electrodeposited using pH 1.4 and /' = 0.56
mA/cm2) show small round particles, which produce superior coatings. On the other
extreme, at pH 1.4 and i = 5.63 mA/cm2, large voluminous and 'cauliflower' shaped
PPy particles were produced. It was reported that high quality coatings are formed at
lower current density values.

As described above, De Bruyne et al 77,85,103 aiso potentiostatically and
galvanostatically electrodeposited PPy on polished steel from aqueous 0.5 mol 1"
Na2S04 and 0.1 mol l"1 oxalate (H2C204) solutions. Film characteristics were studied
predominantly with polarization curves, Auger electron microscopy and FTIR
spectroscopy. Polarization curves generated with and without pyrrole monomer in

oxalic acid solution show that an anodic current peak is attained between -308 m V and
+42 mV (vs SHE), with the potential and current density maximum at -78 mV and +24
mA/cm . It is the region of substrate corrosion, dissolution or oxidation (i.e. towards
higher current density values), which is followed by iron-oxalate passivation (current
density maximum and then towards lower current density values) on the substrate
surface. From about +42 mV to - +650 mV (vs SHE) a passive and conductive layer,
Fe-oxalate, is formed on the electrode at low current density values and which is
believed responsible for the adherence of subsequent PPy deposition. However, in
oxalate electrolyte having the pyrrole monomer, with potentials over +800 mV (vs
SHE) the current density values increased rapidly and electropolymerisation occurs.
The author concluded that corrosion resistance is primarily due to the formation of an
iron-oxalate layer, which is also a precursor for strong adhesive conductive PPy films.

Furthermore, that PPy films produced in the oxalic acid are smoother relatively to film
formed in sodium sulphate.

Iroh et al 92 a[so studied the nature of the oxalate reaction layer that forms prior to
electropolymerisation of PPy. SEM, reflection-absorption IR spectroscopy and XPS
techniques were used for the study. Generally, it was found that the chemical
composition of the passive layer is similar to iron(II) oxalate dihydrate crystals
(FeC204.2H20). The passivation time was found to be dependent on the pH and current
density. Furthermore, the size and orientation of crystals also largely depended on
electrochemical parameters. Once PCS is electrodeposited the electrode potential rises
to - +1200 mV (vs SCE). Unfortunately, no mention was made on the behaviour of
oxalate passive layer with immersion time or with full immersion testing.
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1.8.2 Electrochemical Protection
Beck et al 7,86,89,102 claimed that the corrosion protection of PPy coated steel was
primarily attained by barrier mechanism. These workers used chronopotentiometry and
EIS to study the effect on CR of PPy coatings on iron and PCS. The investigation
concluded that corrosion resistance of iron, in 0.1M NaCl, was only attained when
coatings of > 1 pm were used as the result attributed to barrier effect. Beck et al
7,86,89,102

were me

first to report that the electrochemical CR effects were limited (at

best in the anodic direction) or "inhibition of electrochemical partial processes linked t
the corrosion itself does not seem to play a role". This phenomenon is indirectly
supported by Su and Iroh 93 wh0 reported that electropolymerisation of pyrrole on
steel, in acidic medium, can only occur on the substrate if it is initially covered by a
crystalline passive interphase e.g. Fe(II)-oxalate dihydrate. The initial formation of
Fe(II)-oxalate on the metal surface is followed by PPy electropolymerisation, which
elevates the ECOrr of the specimen to - 1.2 V (vs SCE). However, not all polymer layers
are protective; a nominal thickness of - 1 pm must be attained and where dark and well
adhering polymer layers are observed.

1.8.3 Inhibitor Effects
It is also possible that PPy films may act as inhibitors. Between 1993-1994, StupnisekLisac et al 104,105 investigated substituted pyrroles for PCS protection during HC1
pickling at 40°C. They studied nontoxic N-arylpyrroles that are substituted with
carbaldehyde (-CHO) or amine groups during the polymerisation process. Thus, PCS
surface is modified by polymeric adsorption and subsequently inhibits PCS dissolution.

1.9 CAUSES OF CORROSION
Most corrosion takes place when the electrode potential, EC0TT, of PCS shifts due to
environmental factors. Thus, the cause of corrosion can be associated with water,
external factors and with the metal itself. There are many factors causing shifts in

electrode potentials, Econ, but major causes are due to contaminants or impurities on the
electrode surface. For example, if the contaminant material is more noble (or
electropositive) relative to PCS, it will become the cathode and will commence to attack

its less noble coupled material. This phenomenon is specific to localised particulates or
dust particles or where the anode to cathode area ratio is large e.g. 1:100. However, if
the anode to cathode area ratio is reversed (100:1) the metal of interest is pushed into
the 'passive region' due to Ecorr ennoblism. This is a favourable property, which applies
to ICP coatings such as PANI and PPy. On the other hand, if the localised contaminant

particle is less noble (or active) than the PCS it will corrode in preference. However, t
later phenomenon is rare.

Most metals are protected by insoluble thin film oxides, which act as corrosion barriers.
However, when the oxide is damaged a cell is formed between the oxide and the metal.
Generally, as the metal oxide Ecorr is more noble relative to its substrate it will cause
corrosion, and then from that central spot creep outward. Once more, this type of
localised corrosion applies to conventional and insular low-anode/high-cathode surface
area ratio coupled materials e.g. PCS/millscale oxide, which is insular and inorganic.
Other causes of Econ shifts are due to metal elemental heterogeneity or composition,
stress or strain, the existence of grain boundaries at different orientations, galvanic
action, stray currents, surface finish, faulty or damaged metal surface oxides and
environmental effects such as, the concentration of various dissolved gases, water or
wastewater quality, temperature effects, pH, type of salts and dissolved solids,
temperature variations, silica, flow rate and contaminations due to microorganisms. As
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already stated, most corrosion takes place when the electrode potential, EC0IT, of the PCS
shifts due to environmental factors.

In order for ICP's to enhance the metallic resistivity against corrosion by redox, barrie
and passivation mechanisms it is extremely important that the polymer outlasts the
material it is protecting. This can only be accomplished if the polymer has low
permeability and high resistance against water disbondment i.e. good adhesion under
'wet' conditions. However, as of yet this has not been optimised. The physical
properties of ICP's is also a problematic subject, which need to be addressed as far as
corrosion resistance of metals is concerned. Thus, as far as ICP's are concerned, certain
aspects of the mechanism need to be resolved, including the effect of the:
1 Pretreatment of the substrate (chemical vs electrochemical vs physical)
2 Type of PANI state i.e. ES vs EB
3 Coating methods (electrodeposition vs low-to-high evaporation vs
spraying).
4 Coating thickness (thin vs thick)
5 Adhesive property especially under 'wet' conditions
6 Surface structure (smoothness, porosity and etc)
7 Type of counterion used as a dopant
8 Type of anodic passive layer (thin film vs thick films) over a specific EcorT
and pH range i.e. oxides are generally insoluble within a specific anodic or
noble potential window, however, if the passive layer Eco„ is elevated over the
limits or towards the more noble direction it will transform and become more
soluble, which is a detrimental factor.
9 PANI longevity under specific environmental conditions (UV degradation,
seawater and pH variations), and
10 Type of insular topcoat.

1.10 CURRENT AIMS AND OBJECTIVES
This thesis describes the corrosion performance of Monsanto PANDA-PANIES(DNNSA)® in the 'as received' form (refer to MSDS in the Technical Information,
pi86-188) with that of various modified PANI specimens in our quest to better
understand the mechanism of corrosion protection when the polymers are galvanically

coupled to plain carbon steel in an aggressive aqueous environment. In particular, the
galvanic interaction between PCS and modified polyaniline coatings, and the role of
different dopants in the corrosion process.

CHAPTER II
2.0 EXPERIMENTAL TECHNIQUES RELEVANT
TO CORROSION
2.1 INTRODUCTION
It is not always possible to predict which form of metallic corrosion will dominate in a
certain environment as impurities and chemical intermediates play an unpredictable
role. Such factors can have a major effect on metallic corrosion. For example,
sometimes only a minute pH change is needed to shift the EC0TT value of a metal from a
'passive range' into a 'pitting range' or 'transpassive range'.
The range of experimental techniques for metal corrosion is considerable. The
generated data, by whatever means, should predict possible and unachievable protective
measures, and the best suitable methods to enhance the corrosion resistance of metals
under consideration. However, conventional laboratory tests do not always correlate

with practical results or with metals in use. As a result, the simplest and most practical
method of corrosion testing is to place the metal under consideration in the environment
that it will be used and examining it periodically. Thus, metal manufacturers have
programs where their metal products are exposed to various atmospheric conditions and
marine exposures. In addition, it is the most reliable test, as it reproduces the exact
service conditions. However there are drawbacks, namely it takes a long time and thus
is considered impractical. For that reason, accelerated laboratory tests have been widely
adapted such as salt spray, humidity-temperature, atmospheric-box, burial tests and so
on. Finally, specimens for corrosion testing must be standardized for correlation and
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reproducibility of results i.e. specimen pretreatment, solution concentration, solution
pH, storage conditions and testing procedures.

2.2 CORROSION TESTS
Laboratory corrosion tests are separated into two sections namely chemical and
physical. Chemical factors include concentration effects, dissociation effects, pH,
dissolved gases, conductivity and degradation reactions. Physical factors include
temperature and pressure, flow rate or velocity, surface area effects and test time
duration. Depending on the type of expected corrosion mechanism (i.e. uniform, pitting,
crevice or galvanic), different tests can be utilised to determine the susceptibility to
attack. Table 2.1 summarises common forms of standard laboratory tests 106

usecj l0

evaluate material susceptibility.

Table 2.1

C o m m o n forms of corrosion and laboratory evaluation tests 106.
Occurance in
Industry (%)

Corrosion
Type
Uniform

28

Stress

24

Pitting

15

Intergranular

15

Erosion
Dealloying

7
2

Crevice
Galvanic

2
I

A S T M standards
Test
Full Immersion (atmospheric & autoclave)
Electrochemical Polarisation
Electrochemical Impedance
Boiling Chloride U-Bend Test
Caustic Solution Cracking
Polythionic Acid Cracking
Cyclic Polarisation
Seawater/Marine Exposure Test
Potentiostatic
Oxalic Acid screening
H N 0 3 (Huey Test)
Fe2(S04)3-H2S04 (Streicher Test)
C u S 0 4 - H 2 S 0 4 Test
Rotating Disc
Full Immersion
Galvanic Couple
Multi-Washer/Process Solution
Dissimilar metal couple immersion
Zero Resistance Ammeter Test

G31
G5
G106
G36
G35
G35
G61
G78
G5
A262
A262
A262
A262

G75
G31
G71

G48
G31
G3

The type of corrosion test to be used is determined by environmental conditions that
must be simulated. For example, if the functional metal is to be used in seawater, then
the test sample should be immersed in the same solution, or as close as possible to real
service conditions. Another considered parameter is to what degree of accelerated
corrosion is required of the test method. The reason for acceleration testing is to obtain
results sooner than can be obtained under field conditions. Accelerated results are
normally achieved by intensifying environmental conditions (e.g. solution
concentration, pH, temperature and other parameters) in order to increase the corrosion
rate.

In subsequent sections, electrochemical corrosion techniques will be covered followed
by conventional methods. Each direct current (DC) electrochemical technique has
certain advantages and disadvantages for specific applications. Often a combination of
several DC corrosion measurements is required to properly access the material under
review. Figure 2.1 illustrates conventional DC polarisation measurement methods used
for corrosion assessments, namely linear polarisation resistance (LPR), Tafel plot (TP),
potentiodynamic polarisation (PP), cyclic polarisation (CP) or Evans diagram, and
open circuit potential (OCP). Other corrosion tests are timed techniques such as
potentiostatic, Ecorr versus time and galvanostatic.

In a potentiostatic experiment the potential is constant while the resultant current is
recorded as i/time plot. The Ecorr/time monitors the electrode potential, Ecorr, whilst
immersed in solution over specified a period of time. The test indicates the rate at which
the Econ equilibrates.

Galvanostatic test keeps the current constant and plots the resultant potential as E/time.
The test is used to break down a passive film with a constant current while the potential
is monitored.
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Figure 2.1 Different types of DC corrosion measurements with respect to one another:
Linear Polarisation Resistance, Tafel Plot, Potentiodynamic, Cyclic Polarisation
and Open Circuit Potential (OCP).

2.2.1 Linear Polarisation Resistance
Linear polarisation resistance (LPR) method uses the smallest potential window of all
DC measurements 106. its range can be seen from Figures 2.1 and 2.2. Generally, the
measurements begin at -20 mV from the open circuit potential, OCP, and ends at +20
mV from the OCP. Sometimes the potential window is reduced to ±10 mV or increased
to ±50 mV depending on the nature of the application. Generally, the potential is
increased in steps of about 1 to 2 mV per step, and the resulting current is linearly
plotted versus the potential. The slope of the potential-current plot is referred as the
polarisation resistance, Rp, and is used with the Tafel constants to calculate the
corrosion current, icorf
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Figure 2.2 LPR plot of steel in aerated-stagnant 2.5 % NaCl (pH 7). The DC potential
window is ±10 mV from the OCP.

2.2.1.1 LPR Advantages
The principal advantage of LPR over other electrochemical techniques is its small
potential window that is essentially a non-destructive test. As a result, LPR

measurements can be repeatedly carried out on the same specimen over a long period of
time e.g. for monitoring long-term corrosion, determining whether the specimen

attained its 'steady state' corrosion rate and Rp values. The data can then be correla

with corrosion product concentration that forms within the electrolyte. Once the 'ste

state' is known, another DC test such as cyclic polarisation can be carried out (at a
'steady state') to complement corrosion testing. In addition, the technique is rapid
uses a scan rate of 0.1 mV/s over a small potential range 1Q6 Figure 2.2 shows a LPR
plot of A06 grade plain carbon steel in aerated-stagnant 2.5 % NaCl. On the anodic
slope, at zero current density value (0 pA/cm2), the OCP is found to be -428 mV (vs
SCE).
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2.2.1.2 LPR Limitations
The LPR technique may be prone to errors caused by uncompensated solution
resistance, in particular when the electrolyte resistance is high. However, the problem
can be overcome by:
• increasing the working electrode surface area to about 35 cm
• increasing solution conductivity (or decreasing resistivity), and by
• decreasing the linear distance between the Ew and Er/Luggin Probe

Another source of error is when LPR measurements are taken before the electrode
attains a 'steady state'.

2.2.1.3 LPR Calculations
Once the slope of the LPR data is found (i.e. slope = AE/Ai), the slope resistance units
become ohms.cm2 and the value is referred to as polarisation resistance, Rp, or
corrosion. Thus, Rp = AE/Ai. For practical purposes, corrosion current density, "icorr", is
usually converted to corrosion rate to indicate how fast the metal is corroding or to
estimate specimen longevity within a specific environment. Thus, w can be expressed
according to Equation 2.1.

icorr = [1/(2.303 Rp)][P."Pc) / Pa+Pc)] ^

2A

Where:
icon = corrosion current density (A/cm )
Rp = polarisation resistance or corrosion resistance (ohms c m )
p\ = anodic Tafel slope (in Volts/decade or mV/decade of current density)
p c = cathodic Tafel slope (Volts/decade or mV/decade of current density)
The quantity, (pa Pc) / pa+pc), is the Tafel constant.
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Finally, the corrosion current (iCOrr) can be converted to corrosion rate (CR), in mils/y
(mpy), by substituting the obtained data into Equation 2.2

107

:

CR = iCOrr(K) (1/p) (_) Eq 2.2

Where:
C R = corrosion rate (mpy)
K = a constant 1.2866 x 105 ([equivalent s mils] / [Coulomb cm years])
p = Metal density (g/cm3) e.g. Fe = 7.86 107
E = Equivalent weight of test metal (g equivalent"1) e.g. steel = 27.56 107

For example, if the resultant icorr is 2 uA/cm2, than the CR becomes:
C R = 2 x 10"6 (1.2866 x 105) (1/7.86) (27.56)
C R = 0.90 m p y

2.2.2 Tafel Plots
The potential window of a Tafel plot is normally assigned a wider potential window
(400 to 500 m V ) or ±250 m V from the O C P . It provides additional information than the
L P R method. Potential changes are normally assigned 2 m V per step. The Tafel plot
data are plotted as potential versus current density or log current density values as
shown by Figure 2.3.
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Figure 2.3 A typical Tafel plot of PCS in aerated-stagnant 100 mg/L CI" (NaCl, pH 7)

Tafel plots have anodic (Pa) and cathodic (pc) branches corresponding to anodic
(oxidation) and cathodic (reduction) corrosion half reactions for the metal. The anodic
and cathodic branches begin linearity at about ±50 mV from the OCP. The Tafel slope
is estimated by calculating the slope (i.e. AE/Ai) or the potential range over one decade
of current density.

2.2.2.1 Corrosion Rate estimation
Tafel slopes in conjunction with LPR data are used for more accurate corrosion rate
determination. The corrosion current (iCOrr) is determined by the intersection of anodic
and cathodic linear extrapolations, Figure 2.3. Once the icon is determined it can be
converted to a corrosion rate using Equation 2.2, mpy = iCOrr(K) (1/p) (_)

2.2.2.2 Tafel Plot advantages
Tafel Plots are used to estimate Tafel slopes, corrosion rates and determine what type of
process controls the corrosion rate.
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2.2.2.3

Tafel Plot limitations

A s with L P R , the corrosion data m a y not agree with the real corrosion rates if the
electrolyte solution has low conductivity or high resistivity. Thus, uncompensated
solution resistance must be corrected using Equation 2.3 1, 107

i = icorc[exp-(anFr)/RT) - exp (1 -a) nFri/RT)] Eq 2.3

For example, we will use:
n= 2
a = anodic polarisation ( e.g. 0.3)
iC0IT = 1 x 10-6 A/cm 2
IR-drop - 40 m V
A correct polarisation voltage or total polarisation voltage, r\, of 50 m V from O C P
nF/RT = to 0.078 mV" 1 (T = 25°C)

i = 1 x 10-6 [exp-(0.3)(0.078)(50)] -exp [(0.7)(0.078) (50)]
= 1 x 10 -6 [exp (-1.17) - exp (2.73)]
= l x l 0 " 6 [0.3104-15.33]
= -1.50 x l O - 5 A / c m 2

If the Tafel plot is not corrected for uncompensated solution resistance then the data
will lead to errors. N o w the IR-drop comes into play i.e. since the IR-drop value is 40
m V , so r] = 50 - 40 = 10 m V . (Impedance spectroscopy is normally used to measure
uncompensated solution resistance and IR-drop magnitude). Thus, w h e n the result is
substituted into the equation w e produce:

i = 1 x 10"6 [exp-(0.3)(0.078)(10)] - exp [(0.7)(0.078) (10)]
= 1 x 10 -6 [exp (-0.234) - exp (0.702)]
= l x l 0 - 6 [0.791 -2.02]
=-0.123 xlO" 5 A / c m 2
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The percentage difference ( A % ) between the two current values is:

A (%) = Jcnrrecteri ~ Juncorrected X 100%
^corrected
= -1.50 xlO'5-0.123 x!0'5x 100%
-1.50 x l O - 5

= 91.8%.

Thus, it can be seen from the above example that 40 mV IR-drop results in 92%
difference between uncorrected and actual currents.

Using Tafel plot measurements, a test sample can only be used a few times as the
electrode surface corrodes and changes. As a result, electrode replacement is
recommended when the OCP value between the original and reused test sample exceeds
100 mV.

Finally, the Tafel measurements do not determine whether the metal/electrolyte system

becomes passive or non-corroding. The technique cannot determine pitting or corrosion
because the anodic polarisation potentials are not high enough. Electrolyte stirring

increases metal dissolution and is reflected by an increase in current density and the
lowering of the OCP value (only valid if the shift is between ±100 mV from the OCP).

2.2.3 Potentiodynamic scanning method
Potentiodynamic scanning (PDS) technique normally begins at -250 mV from the OCP
and ends at +1000 mV from the OCP 1. The potentials greater than OCP represent
anodic branches or reactions and often are non-linear in shape. They take up many "S"
shaped forms e.g. Figure 2.4.
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Figure 2.4 A schematic anodic polarisation curve of an active-passive metal showing
diagnostic features.

Where:
Eb = Breakdown potential
E p p = Primary passivation potential
ic = Critical anodic current (sometimes abbreviated as icc)
ipass= Passive current (sometimes abbreviated as ip)
icorr= Corrosion current
Econ= Corrosion potential
O C P = Potential, E, at 0 A/cm" 2 (not shown in Figure 2.4)
1 and 3 = cathodic branch (rvf + e" -> M )
2 and 5 = anodic branch ( M -> N T + e") i.e. corrosion by dissolution
3 = Passivation area (with E increase, there is n o corrosion current increase).

According to Figure 2.4, reaction 1 from the initial potential to the E c o r r represents the
cathodic branch of the metal, w h i c h is still in the immunity zone and not corroding.

Below the E corr , cathodic or negative currents exist i.e. where the metal reaction accepts
electrons.
Once the Ecorr is exceeded than anodic reaction sets in and the metal corrodes
proportionally to log current density. This is the area where anodic or positive currents
are formed i.e. specimen anodic reaction releases electrons whilst corroding or
dissolution. The maximum corrosion is attained at the critical current, ic. Once it is
exceeded then a rapid reduction in current density occurs. The potential at this point
(i.e. ic) is often referred to as the primary passive potential, Epp.
Reaction 3, reaction between Epp and ip, represents unstable conditions that cannot be
maintained and thus difficult to investigate. Reaction 4 is indicative of optimum passive
region where passive current, ip, is produced, which is generally constant. As the

potential rises above the passive region and the pitting potential, Eb, the reaction enter
into the extremely oxidising transpassive region, reaction 5. The transpassive region is

indicative of rapid metal dissolution under high oxidising conditions i.e. Fe° is oxidised
to Fe2+ then to Fe3+.

2.2.4 Cyclic Polarisation method
The cyclic polarisation (CP) method initially includes the forward potentiodynamic
scan that automatically reverses at ~ +1000 mV or at a specified current density value,
and ends either at the OCP or at a specified potential, as shown in Figure 2.5-2.7.
Normally, steps of 1 to 2 mV increase the applied potential 1.
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Figure 2.5 A schematic cyclic polarisation curve showing additional diagnostic
features such as the positive hysteresis curve.

T h e corrosion behaviour is predicted from the structure or shape of the polarisation
scan. For example, a common interpretation is that pitting occurs if the structure is
similar to that as in Figure 2.5. The existence of the hysteresis is indicative of pitting,
while the size of the loop is related to the amount of pitting corrosion. Once 'positive'
hysteresis forms, such as in Figure 2.5, it indicates that the test electrode severely
corrodes and thus alters its electrode surface area. Generally the larger the hysteresis,
the greater the disruption of surface passivity, the greater the risk of repassivation and
the greater the risk of localised corrosion.
On the other hand, a 'negative' hysteresis curve, or if the polarisation scan appears as in
Figure 2.6, would be resistant to localised corrosion i.e. causes the electrode surface to
be more passive. There are numerous ways in choosing the repassivation potential, E^.
One-way is to choose the potential at which the anodic forward and reverse scans cross
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each other. Alternatively, it can be selected at the potential at which the current density
attains its lowest value on the reverse scan. Refer to Figure 2.5.

Scan direction

log Current density l/area (A/cm2)

Figure 2.6 A schematic cyclic polarisation curve showing additional diagnostic
features such as the negative hysteresis curve and repassivation potential (E,p).

The hysteresis curve where the forward and reverse scan do not cross, such as in Figure
2.6, suggests little risk in crevice corrosion, pitting or general corrosion. It also reflects
the ease with which the passivation is restored, as the potential decreases.
Often the C P curves are difficult to interpret especially with P C S samples, as no distinct
diagnostic points stand out, say relative to stainless steels. Thus, diagnostic features are
only estimated values, Figure 2.7.
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Figure 2.7 A schematic cyclic polarisation curve showing estimated diagnostic
features such as Epp and Eb.

Thus, the most important quantities of P D S and C P plots are:
• The passivation or protection potential (Epp) is the potential where the current
either decreases or becomes constant over a finite potential range.
• The breakdown potential (Eb) is the anodic or noble potential point where
currents abruptly increase with modest increases in potential. It is also the point
where passive oxide thin films break and where pits' initiate.
• The passive range is the region between Epp and Eb. In this region thin passive
(protective) films form. As a result, the oxides stop corrosion or inhibit the
corrosion rate significantly. Passive oxides or layers are considered to be
between 20-100 Angstroms thick (1 Angstrom = 10"8 cm).
• The active region is the corrosive area or potential area less noble (more
negative) than Epp. It is generally the cathodic region of the potential range
where corrosion products are normally porous hydroxides (e.g. metal
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precipitates) that loosely adhere to the substrate and provide poor corrosion
protection.
The transpassive region is the area where potentials are more positive or noble
than E b . In this region the thin oxide film is damaged by the high applied
potential that lead to the formation of acidic 'pits' on the metal surface that
generally continue to grow towards gravity. Furthermore, the pits will continue
to extend w h e n the E corr is greater than Erp, and cease to grow w h e n the Ecorr is
less than Erp.
• The positive hysteresis. Positive hysteresis curve occurs when current density is
greater than that for the forward scan. T h e positive hysteresis curve normally
provides information about pitting corrosion rates and h o w readily a passive
film repairs itself. For example, positive hysteresis curve indicates irreparable
passive film damage and pit formation i.e. test sample unable to repair itself
with potential decrease.
•

T h e pit current density, ipasS? is the point where the positive hysteresis curve
intersects the forward scan or is extrapolated to the forward scan. The current
density at the intersection is then converted to a pitting rate using Equation 2.4.

CRpaSs * icorr(K) (1/p) (s) (P) Eq 2.4

Where:
K = a constant 1.2866 x 105
p = metal density (g/cm3)
_ = equivalent weight of test metal
P = proportionality constant (from tables)
CRpass = corrosion rate (mpy)
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The negative hysteresis. The negative hysteresis occurs when the reverse scan
current density is less relative to the forward scan. A negative hysteresis curve
indicates that damaged passive films are reparable and pits do not form. This
feature is typical of PCS/PANI-ES's and PAC/PANI-EB specimens.
• The repassivation potential (Erp). If the metal potential is below the Erp it can
repassivate, however, above E^ it cannot. Once more, this feature is typical of
PCS/PANI test samples.

2.2.4.1 PDS and CP limitations
Both PDS and CP electrochemical waveforms result in high anodic polarisation
(corrosion) and thus cause electrode change. Therefore, test electrodes can only be used
once especially when:
• Positive hysteresis is produced
• High noble or transpassive potentials are reached, and
• When high anodic currents are produced (i.e. pA or mA)

2.2.5 Galvanic Corrosion
This technique is used to determine whether dissimilar metals will spontaneously
corrode in solution 1081091 Practically, for galvanic corrosion to occur both metals
under review must have different corrosion potentials, ECOrr, for the current or electron
flow to occur. However, as currents flow between the two materials (i.e. from anode to

the cathode) over a certain distance of solution resistivity, a small voltage drop occurs
(Ohm's Law of IR). As a result, the current (and corrosion rate) will be high. On the
other hand, if a current flows over a greater distance and through an increased solution

resistivity, the current will be lower (and lower corrosion rate) relative to the current
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that travel through a short distance. In addition, the voltage drop will be relatively
higher, Fig 2.8.
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Figure 2.8 The effect of distance on IR drop and current density between dissimilar
metals.

Due to IR drop offs, the corrosion current will decrease at both the anode and cathode
materials but the Ecoir will change only on the anodic pole. The potentials will be closest
to ECoupie (Figure 2.8) where the anode-cathode distance is the closest, and will shift
towards the EC0TT for each material as the distance between the two enlarges. This
creates a potential distribution that can be measured.

2.2.5.1

Factors Controlling Galvanic Corrosion

If one of the coupled metals can be galvanically controlled such as, the use of cathodic,
anodic and mixed control then it is possible reduce corrosion. Typical factors are:
temperature, pressure, flow rate, pH, electrolyte composition, sample pre-treatment and
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so on 1. However, factors unique to galvanic corrosion are anode/cathode area ratio,
electrolyte resistivity and electrode shape. The polarisation plots (Evans Plots) are
indicative of how cathodic, anodic and mixed control the corrosion rate.

2.2.5.2

Cell Connections

The cell connections are somewhat different relative to conventional electrochemical
techniques. The galvanic corrosion technique utilises two metal electrodes and a
reference electrode. The counter electrode is not used. Thus, one metal becomes the
working electrode, Ewi, which is connected (green lead) to the potentiostat. The second
metal electrode, EW2, is connected (black lead), as is the reference electrode, Er, (white
lead). The former counter electrode, Ea, is disconnected (red-lead). Overall, the cell
connections are shown in Figure 2.9.

EW1: bare-PCS
Er/Luggin Probe
(1 m m from Ew1)

Ew2: PANI-ES(DNNSA)

Salt bridge

^ Cell Lid (open)
Masked Area
Masked Area
Electrode
Surface Area (27cm 2 )
Electrode Surface Area
(9cm2)

3.5% NaCl
(stagnant aerated)

Figure 2.9 Galvanic cell connections. The Luggin probe was positioned 1 m m from the
Ewi surface.

2.2.5.3

Galvanic Cell

A n electric current is a flow of electrons through a conductor. The electron flow or
electron transfer reactions proceed from electron donors (reducing agents, active or
anodic metals) to electron acceptors (oxidising agents, noble or cathodic metals). A s the
galvanic circuit is 'coupled' it thus becomes 'closed' i.e. the conducting path is
continuous between the two metals of potential difference and a current will flow. O n
the other hand, if the conducting path is incomplete, the galvanic circuit is said to be
'open' and the potential difference cannot cause a current flow. For example, the
electron-transfer reaction that produces the current flow between galvanically coupled
zinc and iron is shown below 1,108.

Zn° -* Zn2+ + 2e" E = +0.76 V (anode)
F e 2 + + 2e' -> Fe°

E = + 0.44 V (cathode)*

Zn° + Fe 2 + -» Z n 2 + + Fe°

E = +1.10 Volts

Note* (the reversal sign of E° value)

Furthermore, as Zn/Zn2+//Fe2+/Fe coupling attains a final cell potential, E°(Cen), that is
positive, E°(Ceii) = E°(0X) - E°(red) M ^ ,

it indicates that the reaction proceeds

spontaneously to therightas written, with active zinc displacing the iron i.e.

AG = -nFE
= -nF(+1.10V)
= -ve

When net free energy of activation (AG) is denoted a negative sign it indicates
spontaneity and a release of net free energy, whereas a positive sign denotes a net

71
absorption of energy 1 , 108 . For example, most c o m m o n metals have negative A G
values. O n the other hand, metals such as, gold, titanium, chromium, gold, silver and
platinum metals have positive A G values indicating non-corrosive materials. Thus, in
the above example, negative AG indicates reaction spontaneity 1, 108

Electrons ,-.
Anode i
•
(A)-

ZnSty

Oxidation/Corrosion

Reduction/Deposition

Figure 2.10 A simple galvanic cell. It is also commonly known as Voltaic cell,
electrochemical cell or a battery. The salt bridge was m a d e from paper that was
saturated with NaCl.

The anodic oxidation occurs on the Z n metal (uniformly corrodes). A s Z n 2+ ions are
formed, negatively charged electrons constantly but temporarily accumulate on its
electrode surface and m a k e it a negative pole relative to Fe. Consequently, the electrode
discharges its excess electrons to the positive terminal (least negative terminal) to
balance its electronic deficiency. A s Z n has a stronger tendency to corrode (more easily
oxidised or most negative) relative to Fe and it is said to be more active than Fe. O n the
other extreme, the charge on the electron deficient Fe electrode (positive electrode) is
restored w h e n electrons become available from the Fe reduction reaction. The
oxidation-reduction reactions are simultaneous and cyclic, and proceed until the
sacrificial electrode (Zn) totally dissolves.

The salt bridge that was m a d e from W h a t m a n filter paper and saturated with 1 M NaCl
enabled the electrons to flow continuously throughout the cell system, as the net ionic
charges in the beakers must remain neutral (i.e. zero). As soon as a slight positive
charge builds up in the ZnS04 solution, a quantity of negative charged chloride ions

flow from the salt bridge and into it to maintain electrical neutrality. On the other hand
as soon as a minor negative charge builds up in the FeS04 solution, positive sodium
ions flow into it to balance electrical neutrality. By this method, both solutions remain
neutral and the flow of electrons is maintained. The ammeter indicates a current
direction and flow. The reaction in the beakers would stop immediately if it were not
for the salt bridge. There are limitations in using a simple salt bridge as solution and
material resistance causes an IR drop, especially if it's extensive, bulky and partially
dry. In order to prevent atmospheric drying the paper salt bridge was thoroughly
'wetted' and maintained in such condition. An agar-agar salt bridge cell was also
constructed and used, however, as it was relatively intricate to prepare relative to the
paper salt bridge it was not adopted for our work.

2.2.5.4 Zero-Resistance Ammetry
Zero-resistance ammetry (ZRA) measures the galvanic current, -couple, which is
generated between two dissimilar materials, with different corrosion potentials, when
coupled in an electrolyte 110,111. By measuring the galvanic current, the technique is
able to respond to changes in corrosive environments and serve as an indicator of the
corrosion rate 111. Galvanic current formation is illustrated schematically in Figure
2.11.
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log Current

Figure 2.11. Prediction of galvanic current, /couple, from overlapping polarisation
curves

The red dashed lines correspond to the slopes of polarisation curves for the half-cell
reactions, which represent the uncoupled corrosion potentials, Ecorr,A and ECOrr,c, for the
anode (A) and the cathode (C), respectively. The coupled potential, Eco_pie, is formed
where the anode and cathode are polarised to equal potentials by the same current,
Couple- Reduction reactions on the anode material are small, relative to reactions on the
cathode i.e. /couple »

/con- A- This is indicated by lower current density values and is

typical of most galvanic couples 108.

A n ammeter placed between the anode and cathode does not measure /COupie because
there is an / R m drop across the ammeter due to ammeter resistance, Rm- However, the
power supply compensates for the _ R m ohmic loss. Refer to Section 2.2.5 and Figure
2.8. Thus, / R m separates the anode and cathode potentials, and / become less than the
preferred /COuPie, as shown in Figure 2.12.
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Figure 2.12. Partition of anodic and cathodic potentials when measuring galvanic
current, /, with an ammeter of resistance R m

The electrochemical parameters in Figure 2.12 may be defined as ZRA, because the
instrument can be set so that there is no resistance, in effect, between the two materials.
The _ R m ohmic loss and /COupie is measured where the potential difference between the
anode and the cathode is zero.
In general, a zero-resistance ammeter is a potentiostat (i.e. a 3 terminal power supply)
that has been adjusted for zero potential difference between the E r , E w i and E w 2 . Refer
to Section 2.2.5.2 and Figure 2.9. This form of connection makes it possible to measure
the amount and direction of /current that flows between the two electrodes. W h e n /current
measurements are m a d e the test should be allowed to run for several days because the
direction of the current flow often reverses 110,111.
The generated /current cannot be used to calculate the corrosion rate of the anode, as it is
only a measure of h o w m u c h faster it corrodes relative to the cathode.
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2.2.6 Cyclic Voltammetry
Cyclic voltammetry is an important electrochemical waveform that provides rapid
diagnostic features from each cyclic voltammogram (i.e. i versus E plot) 1°9. For
example, it provides the peak anodic current, ipa; peak cathodic current, ipc, anodic
peak potential, Epa; cathodic peak potential, Epc; formal reduction potential for the

electroactive species, E°; anodic half peak potential, EPa/2; cathodic half peak potential,
Epc/2; the initial potential, E0; the final potential, Ef; and the switching potential or
reverse potential, (E\), Figure 2.13.

Figure 2.13 Diagnostic features of a cyclic voltammogram.

Cyclic voltammetry can also be used for elemental speciation analysis e.g. between
oxidation species such as Fe2+ and Fe3+. In addition, it can be used for trace analysis, as
the maximum current is directly proportional to concentration. CV's can be used to
evaluate the reversible oxidation and reduction state(s) or currents of materials. Thus,
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C V is a vital diagnostic tool for both inorganic and organic species. Although there are
a number of potential waveforms, only a small number are mainstream such as cyclic
voltammetry (CV), log 1(A) versus E, linear sweep voltammetry (LSV), differential
pulse voltammetry (DPV) and square wave voltammetry (SWV).
If the cyclic voltammogram is converted to log 1(A) versus E, then it is possible to
obtain additional diagnostic information such as the corrosion potential and corrosion
current, EC0IT and icon, passive range, EpaSs, negative hysteresis curve, repassivation
potential, (Erp), repassivation current (irp), protection potential (Epp), protection
corrosion current (ipp) and the trend or inclination of material corrosivity at various
potentials, Figure 2.14.

+1.0

0.0
E (Volts)

Figure 2.14 Diagnostic features of log 1(A) versus E

The three devices needed for C V are: a) a waveform generator which provides a
variable potential over time, b) potentiostat that maintains preset potential differences
between the working electrode, Ew, and auxiliary electrode, Ea, relative to the reference
electrode, Er. It also provides current measurements flowing in the cell system and c)
the three pronged electrochemical cell.

2.3 CONVENTIONAL TESTS RELEVANT TO CORROSION
2.3.1 Turnbull's Blue Test
The corrosion process taking place on a PCS surface is an electrochemical phenomenon
where the reacting metal is oxidised (looses electrons), whilst simultaneously, an
electron acceptor in the electrolyte or polymer is reduced (gains electrons). It's the
oxidation-reduction reaction within the metal-environment matrix. The corrosion
process can be monitored colorimetrically simply by adding a special gelatinous mixedindicator solution (warm agar-agar/K3[Fe(CN)6]/phenolphthalein) onto a corroding or
damaged PCS surface H2. On solidification, potassium ferricyanide shows a
(Turnbull's) deep "blue" colouration or precipitation (i.e. ferrous-ferricyanide complex)
in the presence of ferrous ions (Fe2+), which have formed from the anodic reaction,
Equation 2.5.

3Fe2+ + 2Fe(CN)63- -* Fe3[Fe(CN)6]2i Eq2.5

The Turnbull's blue ferrous-ferricyanide deposit also indicates that the PCS site is
anodic, acidic, corroding by dissolution and releasing ferrous ions, and that the site is
less oxygenated relative to other metallic sites. Furthermore, the severity of metal
corrosion can be quantitatively correlated to the intensity of the Turnbull's blue stain.
Potassium ferricyanide indicator also reacts with ferric ions (Fe +), to produce ferric-

ferricyanide, which is an "orange-brown" solution (no deposit). The ferric-ferricyanide
complex is indicative of Fe3+ and rust formation on the metal surface, Equation 2.6.

Fe3+ + [Fe(CN)6]3" -» 2Fe(CN)3 Eq 2.6

The phenolphthalein indicator that is added to the agar-agar matrix exhibits a pink
colouration in the presence of hydroxyl groups (pH 8.2-10) on the metal surface. This is
indicative of metal surface alkalinity, metal protection, cathodic and where oxygen

concentration is greater relative to the anodic site i.e. the oxygen reduction site or wh
oxidation of ferrous hydroxide takes place, Equation 2.7.

Fe(OH)2 + l/202 -> FeO.OH(insolutlon) + OH" Eq2.7

Ammonium hydroxide solution can also be used to differentiate between ferrous and
ferric ionic species on the metal surface i.e. Fe2+ ions produce white to pale green
precipitates while Fe produce a red-brown precipitate.
The agar-agar gel is used simply to prolong the separation time between the anodic
(ferrous-ferricyanide) and cathodic (brown ferric-ferricyanide) colours in order to
observe the happening or to take photographs. The anodic to cathodic surface area ratio

is normally small (in real situations) and its detrimental i.e. localised pitting or rust
spots occur arbitrarily on the substrate surface. Refer to Figure 2.25. If the ratio was
be reversed (i.e. high anode to low cathode surface area ratio), the CR would be much
more favourable. The corrosion activities on the PCS surface are represented
diagrammatically in Figure 2.15.

A-A: Cross section
• Blue: Anode,acidic: Fe2+ + [Fe(CN)g]3" -> F_3[Fe(CN)6]2
3 Rust: deposit
Pink: Cathode, indicates alkalinity. p H 8.2-10
Plain carbon steel

Figure 2.15 Rust configuration on a steel surface ("plan" and "cross-sectional" views),
not to scale.

2.3.2

Full Immersion test versus Total-Fe

Full immersion (Fl) tests are generally carried out in pure saline 2.0-3.5 % NaCl, as the
solution is slightly more corrosive than seawater of the same salinity, as it contains no
inhibitive magnesium and calcium ions. The test generally indicates the amount of
metallic corrosion that forms and infiltrates from the test specimen into the electrolyte
over time, and the quantity is measured periodically by analysing the electrolyte TotalFe concentration or weighing the test specimen, pre and post testing. Total-Fe
concentration may be carried out using conventional means such as colorimetric H3,
atomic absorption spectroscopy (AAS) 113 or inductively coupled plasma (ICP) 113. In
our case, the analysis was carried out by colorimetric and ICP methods. Throughout the
period of Fl testing, the considered specimens were also electrochemically monitored
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for values such as O C P , iCOrr, R P and corrosion rate (CR) in order to better evaluate the

nature of corrosion. In addition, the specimens were physically and visibly examined
for signs of degradation, discolouration, tarnish, undercutting corrosion, creep or
delamination, adhesion and so on. Photographs were also taken. Generally, full
immersion tests last from a few days to several weeks, depending on the test
requirement.

2.3.3 UV-Vis and UV-Vis-NIR Spectroscopy
UV-Vis and UV-Vis-NIR analysis was performed using Shimadzu 1601 and Perkin-

Elrner, Lambda 900 Spectrometer, respectively. Both instruments are diagnostic tool f
characterisation of polymeric materials. The UV-Vis spectra were scanned between
1300 to 300 nm and the UV-Vis-NIR between 3300 to 300 nm. UV-Vis spectroscopy

was used to characterise ICP's and to differentiation between PANI states. The positi

and intensity of a ehromophore absorption band identifies the functional group of th
polymer. Polymers that have conjugated multiple bonds absorb at wavelengths longer
than 200 nm and the greater the number of conjugated bonds the longer will be the
wavelength at which the compound absorbs light e.g. R-NH2 (A,max 190 nm), Ar-NH2
(^max 230 and 280 nm), R-N=N-R (Xmax 340 nm), (3-carotene (km^ 500 nm), and so on.
In addition, specific colours absorb light of certain wavelength, Table 2.2.

Table 2.2 H 3
Colour absorption

Wavelength of light absorbed (nm)

Violet

400

Blue

450

Blue-green

500

Yellow-green

530

Yellow

550

Orange-red

600

Red

700
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A s for P A N I states, PANI-ES shows W

at 325, 450 and 790 nm, PANI-EB at 350 and

550 nm, and PANI-LE at 350 nm. Diagnostically, UV-Vis is also used to monitor the
behaviour during de-doping of PANI-ES to PANI-EB and the subsequent re-doping

processes in appropriate dopant solutions. In addition, to simulate (if possible)

mechanism(s) when bare PCS is galvanically coupled to various polymeric materials
which were cast as thin films onto conducting ITO glass, Figure 2.16.

Periodic UV-Vis
analysis in situ
of sample "B"
B

GC/connector
1cm2
UV-Vis cell
3.5%NaCI

UVA/isi

n nt

in situ
•TO/PANI
SA 1.5 cm2

42

1
KEY:
G C = Glassy Carbon
SA - Electrode Surface Area
ITO = Indium Tin Oxide-glass (transparent oxide on glass)

Figure 2.16 Galvanically coupled materials (PCS//PANI/ITO) in saline solution for
periodic UV-Vis analysis, in situ.

2.3.4

X P S , S E M and E D S elemental analysis, and imaging

X-ray photoelectron spectroscopy (XPS), X-ray photoelectron imaging (XPI), Scanning
electron microscopy (SEM) and Energy dispersion spectroscopy (EDS) are designed to
look at surfaces. The techniques are able to produce simultaneous elemental analysis
and surface imaging of specimens. The image is formed by scanning an electron beam
over the specimen, which 'knocks out' electrons from the specimen surface. The
emitted photoelectrons are then directed into a detector, collected, amplified and
displayed in synchrony with the scanning beam to form an image. Magnification by
conventional SEM can range between 2X and 50,000X and the resolution at 20 kV can
be 5 nm. Throughout the course of this study, SEM's were used to examine dry

polymeric and metallic substrate materials before and after testing. As PCS/PANI-ES's
are conductive coatings they were generally analysed directly or without any further
pretreatment. As the nonconductive PANI-EB was also cast onto PCS it posed no
problems. Typical microscopic parameters of interest are smoothness or roughness,

grain size, distribution of matrix components (elemental distribution map), fractures,
voids, porosity and so on. For EDS analysis, all test samples were gold spluttered to
increase specimen conductivity. Gold spluttering was performed in a low-pressure
argon gas chamber. The EDS analysis and imaging was carried out using EDS X-ray
detector "Oxford", Cambridge 440 SEM and ISIS computing system. A typical EDS
spectrum is shown in
Figure 2.17.
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Energy (keV)

Figure 2.17 A typical E D S spectrum of P A N I - E S ( D N N S A ) on glass

The X P S analysis was carried out using E S C A L A B 220i-XL, which is fitted with an
Auger Electron Spectrograph (AES), and thus capable of performing X-ray
photoelectron Imaging (EPI). The XPS technique is also called Electron Spectroscopy
for Chemical Analysis (ESCA), hence the name ESCALAB. The XPS technique works
by illuminating low-energy X-rays, formed by Al and Mg sources, in an ultra-high
vacuum onto the specimen surface, at a certain angle, and "knock out" photoelectrons.
The emitted photoelectrons are directed into a detector, collected, amplified and
processed as an image based on energy distribution i.e. energy spectrum.
Simultaneously, the formed image mirrors the specimen surface. The technique is
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highly sensitive and can produce an image resolution of better than 5 urn. The X P S
spectrum is categorised into three sections, namely 1) peaks due to photoemission from
core levels, 2) peaks due to valence levels and 3) peaks due to X-ray induced Auger
emission. This is illustrated in Figure 2.18.

Auger peaks

Photoemission peaks

43

Valance
peak

o
U

Binding Energy

Figure 2.18 A typical X P S spectrum

Auger electron emission generally detects light elements, whereas X-ray emission
detects heavy elements.

2.3.5

Visual Observation and Photography

Visual observation and photography was carried out especially if reactions and reaction
products were coloured. For example, as PANI has different coloured states (i.e. pale
clear-yellow-to-pale green, pale green-to-dark green, pale blue-to-dark blue and dark
blue-to-purple) the reaction of polymer transformation was visually monitored
whenever required (especially during galvanic coupling of polymeric materials to PCS).
In addition, metal corrosion products and its reaction(s) when tested with various
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indicators. Microscopic and macroscopic photography was also extensively used to
record polymeric samples before and after testing e.g. atmospheric exposure, full
immersion, chemical and electrochemical. The photographic equipment used was:
a) Microscope, Nikon OPTI PHOT & Nikon UFX-II/FX-35A
b) LECO Vickers Microhardness Machine, M-400-H1
c) Leica DMRM Research Microscope
d) Pentax MZ-5/Sigma zoom [(28-105 mm, f (1:4-5:6)].

2.4 CONCLUSION

Test methods for determining the corrosion resistance of metals are specific. They must
be based on the conditions that exist in certain environments and the type of
application. As many factors determine corrosion behaviour, there is no universal

corrosion test. The most reliable is service longevity, however, the information that ca
be obtained is time consuming, and so other complementary tests are carried out i.e.
field tests and accelerated laboratory tests H351091 This chapter covered corrosion
tests and other relevant tests that are applicable in our study.
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CHAPTER III

3.0 A DE-DOPING/RE-DOPING STUDY OF
ORGANIC SOLUBLE POLYANILINE
3.1 INTRODUCTION
Polyanilines in the conducting emeraldine salt form, PANI.HA, are generally prepared
via chemical or electrochemical oxidation in acidic (HA) solution (Equation 1, where
A" is the dopant counter anion).

(1)

The dopant used produces polyanilines with differing chemical and physical properties
114

suitable for different applications. The choice of dopant profoundly affects

properties including conductivity

115

, permeability

116

and mechanical properties
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.

The controlled release of dopant ions for drug delivery or corrosion inhibition also
requires the specific ions of interest to be incorporated into the polymer. These
examples highlight the need to be able to produce conducting polymers with a variety
of counterions.

The use of certain dopants has been reported to yield polyanilines that are more
processable in the conducting form. For example, the use of sulphonated aromatics as
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dopants produces emeraldine salts soluble in c o m m o n organic solvents 1 1%, vvhile
doping with diphenylphosphate results in a material that is thermally processable H9
Kinlen and coworkers recently described a processable polyaniline that utilises
dinonylnapthalene sulfonic acid (DNNSA-I shown below) as dopant 120. This polymer
is highly soluble in toluene and other simple organic solvents and is commercially
available under the PANDA™ trade name from Omercon Chemie in Germany, and
previously from Monsanto Company in the USA.

C9H19

S03H

The present study investigates the possibility of dopant post-processing of coatings
formed from PANDA™. A simple method was sought to exchange the DNNSA dopant

anion with a range of dopants required for various applications. The efficiency of the
dopant exchange has been studied along with the effects of the dopant exchange on the
coating structure and properties.

3.2 EXPERIMENTAL
MONSANTO PANDA™ emeraldine salt was received, as a liquid concentrate
comprised of ca. 47 (wt)% PANI-ES(DNNSA) solids, ca. 30 (wt)% butyl cellosolve
and ca. 20 (wt)% xylene solvents. Additional data on the material is given in the
Technical Information section (refer to page 192). Due to high viscosity, the "asreceived" concentrate was diluted with AR grade xylene to 5% (w/w) and the casting

carried out by the "air-brush" spraying onto a heated glass microscope slide or indium

tin-oxide (ITO) coated glass. A hand held "air-brush" spraying system operated at 400
kPa (60 psi) nitrogen pressure was used. The PANI-ES(DNNSA) coating was then
dried in an air oven at 80 °C for 24 hours.

De-protonation and re-protonation solutions were prepared using doubly distilled water
AR grade methanol (Univar) and appropriate AR grade chemicals. Sodium hydroxide
(1.0M, BDH) was used to de-protonate the PANI-ES(DNNSA) films, while reprotonation was carried out using numerous inorganic and organic acids such as ptoluenesulfonic acid (Merck), tartaric and oxalic acids (Univar),
dodecylbenzenesulfonic acid (DBSA) (Crown scientific), 3-methylaniline sulfonic acid
(3-MASA) (Mitsubishi Rayon), poly(vinylphosphate) (PVP) (Polysciences), poly(2methoxyaniline-5-sulfonate) (PMAS) (Mitsubishi Rayon), and HC1, HN03, H3PO4 and
H2S04 (Ajax).

De-protonation was achieved by immersing the PANI-ES(DNNSA) coated sample in
the NaOH solution for up to 1 hour, while re-protonation was achieved by immersing
the de-protonated sample in 0.1 M aqueous acid solutions until a colour change to the
'green' emeraldine salt was visually observed (usually ca. 20 minutes).

UV-visible-near infrared spectra between 300 and 3200 nm were obtained using either
Shimadzu UV-1601 spectrophotometer or a Perkin-Elmer Lambda 900
spectrophotometer. Semi-quantitative elemental analyses were performed by energy
dispersive spectroscopy (EDS) using an EDS X-ray detector within a Cambridge 440
scanning electron microscope (SEM).

Polyaniline film electrical conductivities were measured using the four-point probe
conductivity method. The electroactivity of the polyaniline coatings was determined
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using a three-electrode cell with P A N I . H A on conductive ITO glass as the working
electrode, platinum mesh as the auxiliary electrode and Ag/AgCl as reference. A n
E G & G P A R 263 Potentiostat was used to apply a triangular potential waveform
between -0.3 V and +1.0 V and to record the cyclic voltammogram (CV). The C V s
were conducted in 0.10 M H C 1 electrolyte.

3.3 RESULTS AND DISCUSSION
Air brush spray casting of diluted P A N I - E S ( D N N S A ) solutions gave adhesive, uniform
coatings on conventional glass and ITO-coated glass. The UV-visible spectra of the
P A N I - E S ( D N N S A ) films were characteristic of emeraldine salts, exhibiting a strong
localised polaron band at 760 nm, as well as a second polaron band and a n-n* band at
ca. 430 and 350 nm, respectively (Figure 3.1).
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Figure 3.1 UV-visible spectral changes upon de-protonating a PANI-ES(DNSSA) film
in aqueous 1.0M N a O H and re-protonating with aqueous 0.10 M acid. A = PANIE S ( D N N S A ) , B = PANI-EB, C = PANI-ES(HCl), D = PANI-ES(Tartrate), E = PANIE S ( D B S A ) , F = PANI-ES(H 3 P0 4 )

90

3.3.1

(i) De-protonation/re-protonation in Aqueous Media

Treatment of the PANI-ES(DNNSA) films with aqueous 1.0 M NaOH for 20 min

caused de-protonation, as evidenced by a colour change from 'green' to 'blue' and th
replacement of the emeraldine salt absorption bands by a strong band at ca. 595 nm
characteristic of emeraldine base, EB (Figure 3.1).

The EDS spectrum of a typical de-protonated PANI-ES(DNNSA) film still exhibited a

strong sulfur peak, although reduced in intensity compared to the "as received" PANI
ES(DNNSA) film. The residual sulfur indicates that a substantial fraction of the
DNNSA anion remained in the emeraldine base (EB) formed during alkaline treatment.
Also, the EB film showed a larger sodium peak compared to the original PANIES(DNNSA). These results indicate that the de-protonation occurs via both paths
(Equation 3.2) and (Equation 3.3) below. In the case where DNNSA" anions remain in

the polyaniline film upon de-protonation, sodium cations are incorporated to balanc
the charge.

PANI-ES(DNNSA) + NaOH -» EB° + Na+DNNSA' + H20 Eq. 3.2

PANI-ES(DNNSA) + NaOH ^ EB0DNNSA"Na+ + H20 Eq. 3.3

Upon immersing the de-protonated EB films in aqueous 0.10 M mineral or organic
acids (HA), the colour changed back to 'green' and UV-visible absorption bands

characteristic of emeraldine salts were regenerated. Figure 3.1 shows typical examp
of spectra regenerated (using each of HA = HC1, DBSA, H3PO4, or tartaric acid). In

each case a strong, localised high wavelength polaron band was observed in the regi

735-780 n m , confirming regeneration of emeraldine salts (attributed to a mixture of
PANI-ES(DNNSA) and PANI.HA). The shifts in the position and intensity of the high
wavelength polaron bands compared to the original PANI-ES(DNNSA) film suggest
that conformational changes occur in the polyaniline chains during these deprotonation/re-protonation processes. Simply immersing a PANI-ES(DNNSA) film in

the re-protonating acids did not induce any change in its UV-visible spectrum. Thus, the
spectral changes shown for the ES forms of PANI.HA in Figure 3.1 must be due to
conformational changes resulting from the de-protonation/re-protonation reactions. The
quality of the polymeric films was observed by optical microscopy to be unaffected by
the de-protonation/re-protonation steps, with no cracking of the coatings.

3.3.2 (ii) De-protonation/Re-protonation in Methanol
The UV-visible spectra obtained after treatment of PANI-ES(DNNSA) films with 1 M
NaOH in 50:50 water/methanol mixture for 1 hour shows that the ES is converted to EB
(Figure 3.2).
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Figure 3.2 UV-Vis and UV-visible-NIR spectral changes upon de-protonating PANIE S ( D N N S A ) film in methanolic 1.0 M N a O H and re-protonating with aqueous
solutions. A = PANI-ES(DNNSA), B = PANI-EB(meth/_ik), C = PANI-ES(HCl), D =
PANI-ES(Tartrate), E = PAM-ES(DBSA), F = PANI-ES(H 3 P0 4 ), G = PANIES(PMAS), PANI-ES(H = Zn(N03)2).
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However, the characteristic absorbance peak of PANI-EB(meth/_ik) was slightly blueshifted relative to PANI-EB(aq), indicating structural differences. This phenomenon is
better illustrated in Figure 3.3.

0.6
1 = PANI-EB/Glass dedoped in 1M NaOH/15min
2 = PANI-EB/Glass dedoped in (1:1) MeOH: 1M NaOH/15 min
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Figure 3.3 U V - V i s spectral differences between PANI-EB(meth/aik) and PANI-EB ( a q )

In this case the E D S spectrum revealed that the methanolic/aqueous base fully extracted
the DNNSA from the PANI-ES(DNNSA). Figure 3.4 shows that the sulfur peak is
absent from the de-protonated polymer.
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Figure 3.4 E D S spectra of P A N I - E S ( D N N S A ) film: a) "as-received"; b) de-doped in
methanolic 1.0 M N a O H ; c) de-doped in methanolic base and re-doped in 0.10 M
phosphoric acid; and d) de-doped in methanolic base and re-doped in 0.10 M
hydrochloric acid. Note: peaks in each spectrum due to N a (part), M g , C a and O come
from the glass substrate; A u peak is from the gold coating sputtered on to the polymer
surface prior to analysis.

Removal of the D N N S A is presumably facilitated by its higher solubility in methanol
compared to water.

PANI-EB(meth/aik) films/coatings that de-protonated in methanolic base could be readily
re-protonated by immersing in aqueous acid solutions for 24 hours, as evidenced by the
re-generation of the 'green' colour and the appearance of absorption bands
characteristic of PANI.HA salts (Figure 3.2).

Different UV-visible-near IR spectra were obtained for these regenerated PANI.HA
films depending upon the type of acid used. These differences again suggest
conformational changes in the polyaniline chains during the de-protonation/reprotonation cycles.
The conformation of polyaniline chains as either tight coil or expanded coil has
previously been described 1^1. When the macromolecules are tightly coiled the

localization length of pi electrons is short, as reflected by the absence of a band in the
near-infrared region and the presence of a strong localized polaron band in the region
750-850 nm. At the other extreme, the expanded coil conformation allows a longer
localization length, giving rise to strong absorption in the near-infrared region and the
absence of a localized polaron band in the region 750-850 nm. Xia et al122 have used
the ratio of absorbencies at 2600 nm to 800 nm as a measure of the proportion of
polyaniline chains that are in the expanded coil conformation for PANI.HA samples.

Table 3.1 lists the ratio of the absorbance at 2600 nm to the peak absorbance at ca. 800
nm for the ES formed after methanolic de-protonation.
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Table 3.1 Ratio of A26oo/A8oo for P A N I . H A formed by re-protonation by various
aqueous acids (the original P A N I - E S ( D N N S A ) had a ratio of 0.88).

Re-protonation acid

A2600 / Asoo

HC1

1.13
0.88
1.76
1.80
1.67
1.48
1.84
1.33

Tartaric Acid
DBSA
PMSA
3-MASA
Zn(N03)2
FeCl2
FeCl3

The results in this study indicate that the P A N I - E S ( D N N S A ) is initially in the tight coil
conformation and a partial conversion to the expanded coil occurs during the deprotonation/re-protonation

process. Almost

all re-doped

polymers

showed

a

significantly higher content of expanded coil polyaniline than the original "as-received"
P A N I - E S ( D N N S A ) . The highest proportion of expanded coil polyaniline were obtained
for films re-protonated with the sulfonic acids ( D B S A , P M A S and 3 - M A S A ) or doping
using ferrous chloride.

The EDS spectra of re-protonated PANI.HA films confirmed that counterion exchange
had occurred. For example, elemental phosphorous (P), sulphur (S) and chlorine (Cl)
peaks were identified in the E D S spectra of P A N I . H A films formed by re-protonation
of PANI-EB(meth/_ik) with H3PO4, H 2 S 0 4 and HC1, respectively (e.g. Figure 3d shows the
E D S spectrum for re-protonation with H3PO4).

Re-protonation of the PANI-EB(meth/_ik) was also possible using poly(2-methoxyaniline5-sulfonic acid) ( P M A S ) . In this case the dopant anion is a self-doped, water-soluble
polyaniline derivative, thereby providing a novel blend in which both the P A N I chain
and the dopant are electronic conductors.
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The electroactivity of the regenerated PANI.HA films was confirmed by cyclic
voltammetry (CV). Figure 3.4 (a, b, c, d, e, f) shows the C V s in 0.10 M H C 1 for the "asreceived" P A N I - E S ( D N N S A ) and the P A N I . H A formed from de-protonation using
methanolic/aqueous base and re-protonation with various acids.
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Figure 3.4 Cyclic voltammograms for PANI coatings on ITO-coated glass: a) "asreceived" P A N I - E S ( D N N S A ) ; b) PANI-ES(HCl); c) PANI-ES(Tartrate); d) PANIE S ( D B S A ) ; e) P A N I - E S ( P M A S ) ; f) PANI-ES re-doped with Zn(N0 3 ) 2 .

In most cases, the re-doped polyaniline showed more distinct oxidation/reduction waves
than the original as-received material. One exception was the polyaniline re-protonated
with D B S A , where it is possible that the surfactant-like nature of the dopant m a y hinder
charge transfer due to poor wettability of the polymer by the aqueous electrolyte.

Kinlen and co-workers have previously reported that the treatment of PANIE S ( D N N S A ) films with sulfonic acids produces an increase in conductivity of 2 to 3
orders of magnitude
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. Conductivity values measured for the re-doped polymers

studied here are listed in Table 3.2.

Table 3.2 Electrical conductivities for re-doped PANI.HA following methanolic deprotonation (original P A N I - E S ( D N N S A ) had a conductivity of 11 mS/cm).

Re-doping solution
HC1
Tartaric Acid
PMSA
DBSA
Zn(N03)2

Conductivity (mS/cm)
12
11
13
300
2

The conductivity for the P A N I - E S ( D B S A ) generated was a factor of 30 higher than that
of P A N I - E S ( D N N S A ) . However, other dopants produced no change in conductivity
despite large increases in the free carrier tail absorbance (e.g. PANI-ES(HCl) and
P A N I - E S ( P M A S ) . The lack of correlation between the Abs26oo/Abs8oo ratios in Table 1
and the conductivities listed in Table 2 m a y be due to the fact that the UV-Vis-NIR
spectra reflect only the relative number of charge carriers and not the carrier mobility.
Conductivity is dependent upon both the number of charge carriers and their mobility.
Multiply charged dopants (such as P M A S ) are likely to interact with two or more irnine
nitrogens and the resultant "cross-linking" between charge carriers m a y restrict their
mobility, leading to lower conductivities.

Microscopic examination of the coatings did not reveal any degradation of the film
quality following the de-protonation using methanolic/aqueous base and the subsequent
re-protonation with aqueous acids in most cases. The one exception observed was re-

protonation using D B S A where the coating became very brittle and was easily removed
from the substrate. In all other cases, however, the methanolic method allows efficient
exchange of the dopant anion without degrading the coating quality.

3.3.3 (iii) "Pseudo-protonic Doping"
Previously, Kinlen has reported that immersion of the PANDA-ES(DNNSA) in

methanol (neutral pH) increased the conductivity but, curiously, reduced the free carrie

tail intensity in the near infrared ^3 jae increase in conductivity was attributed to the
extraction of excess DNNSA dopant from the polymer. Excess dopant is required to
impart the high solubility of PANI-ES(DNNSA) in organic solvents. We found that
upon longer immersion of PANI-ES(DNNSA) in methanol, a gradual change in colour
from light green to blue occurred. UV-Visible spectroscopy confirmed that the ES had
changed to EB. Clearly the de-protonation/re-protonation reaction is an equilibrium
process as shown in (Equation 4).

EB + H+(A_) ^=±ES+(A") Eq.4

Our results indicate that when the dopant acid (HA) is highly soluble in a solvent, the
equilibrium (4) is driven to the left when the emeraldine salt form is exposed to that
solvent. Neoh et al
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have noted a similar equilibrium for solutions of ES in NMP,

where conversion from ES to EB occurs upon dilution with NMP solvent.

We have also observed that re-protonation is possible using metal salt solutions. Table
3.3 lists a number of salt solutions that successfully convert the EB to ES.
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Table 3.3 Metal salt solutions used to re-dope PANI-EB to PANI-ES and an estimate
of the re-doping time based on visual observation.

Re-doping solution
Cu(N0 3 ) 2
K2S205
A1C13
Zn(N0 3 ) 2
MgCl2
Zn(S0 4 ) 2

pH
5
5
4
7
7
7

Concentration
0.1M
0.1M
0.1M
0.1M
0.1M
0.1M

Re-doping Time (min)

2*
2
5
2 hours
24 hours
24 hours

Aqueous MgCl 2 , Z n S 0 4 and Zn(N0 3 ) 2 solutions are clear examples of "pseudoprotonic doping", since the solution p H was 7 and yet re-doping of E B to ES occurred
rapidly.

In keeping with recent reports of psuedo-protonic doping of EB by other metal salt
125,126^ 127? 128 m e doping by ferrous chloride may involve the complexation of
Fe(_I) to imine nitrogen sites on the P A N I chains.

3.4 CONCLUSIONS
P A N I - E S ( D N N S A ) can be de-protonated using both aqueous and methanolic base
solutions. However, the D N N S A counterion is only fully removed when an alkaline
methanol/water mixture was used. N e w counterions can then be incorporated into the
polyaniline by re-protonation with a wide variety of inorganic (e.g. HC1, H 3 P 0 4 ,
H 2 S 0 4 ) , organic (e.g. tartaric, oxalic, p-toluenesulfonic acid, D B S A , 3 - M A S A ) and
even polymeric acids (e.g. polyvinylphosphate).

Re-doping with a sulphonated polyaniline produces a novel blend in which both the
P A N I chain and the dopant are electronic conductors. De-doping can also be achieved

by prolonged immersion in a good solvent for the dopant (in this case methanol) and redoping can be achieved with near neutral metal salt solutions, such as MgCl2, ZnS04
and Zn(N03)2.

The conformation of the PANI chains is significantly changed after the deprotonation/re-protonation cycles and counterion exchange, as evidenced by changes in
the UV-visible-NIR spectra of the polyaniline films. The type of re-doping solution
used affects the conductivity. An increase in conductivity of a factor of 30, compared
with the original PANI-ES(DNNSA), was observed in one case (DBSA dopant). The
electroactivity is also improved by the de-protonation/re-protonation cycle, with more
distinct oxidation/reduction waves observed in comparison with the original PANIES(DNNSA). In most cases, no degradation of polymer quality occurs during these
dopant anion exchanges, providing a useful post-processing method for modifying the
highly processable PANI-ES(DNNSA) is found.

CHAPTER IV
4.0 GALVANIC COUPLING OF NONTOPCOATED POLYANILINES TO PLAIN
CARBON STEEL

4.1 INTRODUCTION
Conducting polymers, such as polyaniline, are widely advertised as anti-corrosive
agents and able to protect most structural metals from corrosion in aqueous
environments as recently reviewed by Tallman et al 95,129 jfe dopant, A", that is
incorporated with inherently conductive polymers (ICP such as PANI-ES and PPy) play
a crucial role in determining the performance of corrosion protective coatings. The
dopant determines the processability of the ICP and subsequently influences matrix
solubility and the potential at which the polymer is deposited. The dopant also has an
effect on chemical and redox properties of the polymer 130

An attribute of conducting polymer coatings on metals is that they appear to provide
'pin-hole' protection, with a "throwing power" up to several millimeters. This ability is
similar to zinc coating on steel (galvanized steel) where the zinc/steel couple promotes
sacrificial corrosion of the zinc, providing "cathodic" protection of steel. In contrast,
coupling the steel to a metal of higher reduction potential (e.g. tin, copper) produces
accelerated corrosion of the steel, especially at pinholes where the cathode to anode

surface area is very high. In the case of P A N I - E S , it is argued that the polymer causes
ennobling of the metal (increase in the corrosion potential) to promote passivation at
pinholes.

Conventional Pourbaix diagram for a steel-salt water system shows the regions of
thermodynamic stability and activity. At a pH of 5-6, passivation requires a corrosion
potential of about -950 mV (vs SCE). Cathodic protection occurs when the corrosion
potential shifts enters the "immunity" zone and this requires the galvanic coupling to
reduce the corrosion potential to values greater than -950 mV.

Although there have been no direct studies on the galvanic coupling of polyaniline to
steel, there is some evidence indicating that polymer promotes passivation of the metal.
Many reports describe the ennobling effect where the ECorr for polyaniline-coated metal
is increased by as much as 500 mV. Post polyaniline casting, surface analysis of the
metal interface shows that oxide structure can be stabilised in a corrosive environment.
A number of authors 1,1062108109111 have described a mechanism of corrosion
protection that involves promotion of stable oxide(s) at the polymer/metal interface and
at scratches/pinholes in the coating. However, this is achieved at relatively noble
potentials where "anodic passivity" is attained and maintained i.e. at the ip (passive
current) or passive region. Refer to polarisation diagram for an active-passive system,
potential versus log (current density) plot, in Figure 2.4 (Chapter II).

The aim of this chapter is to investigate the galvanic effects of coupling plain carbon
steel to polyaniline in both the emeraldine salt (ES) and emeraldine base (EB) forms.
By physically separating the two materials it was hoped to gain a better understanding
of the electrochemical reactions occurring when polyaniline coatings are applied to the
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metal. A number of novel PANI-ES's were also investigated. Throughout this chapter
the galvanic coupling symbol is illustrated by "//".

It is known that when dissimilar metals are galvanically coupled in an electrolyte one
metal corrodes while the other is preserved as shown by Figure 4.1. The basis of this is
the electrochemical cell of the anode/cathode reactions as discussed in the General
introduction.

Cathode

Substance (S1) = Cu or C
Electrolyte
•Substance (S2) = Fe

Anode

OR
Anode
Cathode _

Substance (S1) = Zn, Al, Mg or Cd
Electrolyte
•Substance (S2) = Fe

Figure 4.1 Galvanic corrosion between dissimilar metals coupled by an electrolyte: SI
and S2 are different substances.

Conversely, the galvanic mechanism of an electroactive PANI-ES + (A") coating coupled
to PCS is illustrated in Figure 4.2.

Figure 4.2 Galvanically coupled materials, PCS//PANI-ES + (A"), in saline solution,

The proposed theoretical mechanism is; anodic PANI-ES+(A") coating drives the
electrode potential of steel into the "anodic passive region" and in the process is
simultaneously reduced to PANI-EB. The underlying PCS surface undergoes a degree
of oxidation (anodic corrosion) before reaching the favorable "passive region". This
oxidation/corrosion/dissolution of the metal surface occurs immediately beyond the

ECorr value of the specimen and before the ip ("passive current") or the "passive region".
Furthermore, during the polymeric reduction process the PANI dopant or anion, A", is
released into the localised environment which combines with metal corrosion products,
Fe2+, to form a unique insoluble deposit, which then settles in damaged areas of the
specimen surface (i.e. on anodic parts of the PCS surfaces) or between the polymermetal interface. When this insoluble deposit is formed the substrate metal is considered
to have entered the beneficial "passive region" that result in a "passive current", which
is virtually constant. (Refer to Chapter II, Sections 2.2.3 and 2.2.4).

Galvanically coupled materials such as PCS//PANI-ES's were investigated, in
particular the effect of P A N I - E S ( D N N S A ) coupled to uncoated P C S , in 3.5% NaCl.
Thus in order to better understand the behaviour, electrochemical parameters (such as
ECorr-time, icorr-time plots versus Total-Fe analysis, p H and U V - V I S studies) were
investigated as they could be correlated to the corrosion rate of the metal. In this
chapter, the galvanic corrosion tests were carried out according to A S T M method, G-31
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4.2 EXPERIMENTAL
Solutions and reagents, substrate analysis and pretreatments, casting of diluted PANIE S ( D N N S A ) onto pretreated steel, polymer thickness measurement, electroconductivity
estimate, de-protonation/de-doping and re-protonation/re-doping procedures were
carried out as described in Chapter II.

4.2.1 Galvanic Cell(s)
The galvanic cell connections are somewhat different relative to conventional
electrochemical techniques. The technique utilises two metal electrodes and a reference
electrode (SCE, 241.5 m V ) . The galvanic corrosion set-up in Figure 4.3 was in
accordance with E G & G Instruments, Princeton Applied Research, Model 352/252
SoftCorr II Corrosion Measurement & Analysis Software User's Guide, 221765-AM N L - D , Chapter 17, pp 93-95.

EW1: bare-PCS

Ew2: PANI-ES(DNNSA)

Er/Luggin Probe
(1 m m from Ewi)

Salt bridge

Cell Lid (open)
Masked Area
Masked Area
Electrode Surface Area (27cm^)
Electrode Surface Area
(9cm2)

3.5% NaCl
(stagnant aerated)

Figure 4.3 A galvanic cell and its connections.

The steel electrode was designated to be the working electrode, E w i, (green lead) and
polymeric samples such as PANI-ES(DNNSA) as Ew2 (black lead). The reference
electrode, Er, (white lead) was inserted in a Luggin probe which was set 1 mm from the
Ewi surface. The counter electrode, Ea, was disconnected (red-lead).
The two test materials were electrically connected by conventional wiring and
immersed into separate 1 L cells, which were linked by a conventional 'salt bridge'
(Whatman™ filter paper saturated with 3.5% NaCl). The separation prevented solution
and polymer contamination, which was needed for subsequent tests such as for Total-Fe
analysis, pH measurements, UV-VIS work and sample inspection. Figure 4.4 shows a
typical set up that was used for UV-VIS and UV-VIS-NIR investigation. It is the
'undersized' version of Figure 4.4.
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Periodic UV Vis
analysis in situ
of sample "B"

<_>n
Salt bridge Q

B

GC/connector
1cm2|
cell

1cm2
UV-Vis cell

Masked
area —

3.5%NaCI

UV-Vis i mi i»
in situ

bare I
PCS —
SA
0.5 cm2

•••

ITO/PANI
SA 1.S cm2

1

> 2

KEY:
G C = Glassy Carbon
SA = Electrode Surface Area
ITO = Indium Tin Oxide-glass (transparent oxide on glass)

Figure 4.4 A typical galvanic cell for UV-VIS ' in-situ' polymer work

4.2.2

Considered Specimens for Galvanic Corrosion Test

Specimens were prepared for galvanic corrosion testing and UV-VIS investigation.

However, our prime focus was with accelerated galvanic tests in aerated-stagnant 3.

NaCl (pH 5-6). The galvanic data most studied were E/t and i/t plots, in conjunctio
with UV-VIS and Total-Fe analysis. Initially, the considered test samples were:
PCS//PCS (blank), PCS//Zn, PCS//Cu, PCS//Zn-Al, PCS//PANI-EB(aq), PCS//PANIEB(meth/aik), PCS//PANI-ES(DNNSA) and a variety of modified PANI-ES's.

The polymeric specimens were cast onto an insular plastic, dried and cut to size pr

material coupling. Conventional materials were tested prior to polymeric samples i
order to confirm the validity of the galvanic set up.
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4.3

RESULTS AND DISCUSSION

When uncoated steel is galvanically coupled to a conductive polymer such as PANIES+(A") the polymeric material (does not corrode but) transforms to PANI-EB, and in
doing so has an effect (beneficial or detrimental) on its coupled material. This
polymeric transformation occurs simultaneously as the underlying steel oxidises
(corrodes) whilst in the ennobolistic transit to the "passive region". Thus, green
coloured PANI-ES+(A") transforms to insular PANI-EB while the steel attempts to enter
the protective anodic "passive region". The galvanic trial was set up according to Figure
4.5.

Electric wire

[1 L aerated-stagnant 3.5% NaCl
masking tape

3.5% NaCl,PH6
masking tape

PANI-ES(DNNSA)cast on plastic
Surface area, 27 c m 2

PCS
Surface area, 9 c m 2

Figure 4.5 Galvanically coupled materials, bare-PCS//PANI-ES(DNNSA)/plastic, in
saline solution.

4.3.1

P C S corrosion rate w h e n galvanically coupled to P A N I coatings

The corrosion rate (CR) of steel is represented by total iron concentrated (Total-Fe or
Fe2+ and Fe3+) that is generated by the corrosion process on Ewi, and which ultimately
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infiltrates into the electrolyte. The specimen surface areas are 9 cm2 for PCS and 27 c
for PANI-ES(DNNSA) or in the surface area ratio of 1:3.

Specimens under consideration were tested in duplicate. The anolyte solution was
sampled periodically (i.e. 50 mL aliquot/day and acidified with 2 mL HC1) and
measured by inductively coupled plasma analysis (as Total-Fe, in mg/L). The

electrolyte solution was constantly stirred at moderate speed over the entire test pe
at ambient conditions. Results of such work are shown in Figure 4.6.
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Figure 4.6 The effect on P C S corrosion rate when galvanically coupled to PANIE S ( D N N S A ) and P A N I - E B in 3.5% NaCl.

The corrosion rate (CR) is shown for the 3 specimens i.e. bare-PCS coupled to an
insulator material or plastic, PCS coupled to uncoated PANI-ES(DNNSA) and PCS
coupled to uncoated PANI-EB(meth/_ik)- The data clearly show that PCS coupled to
P A N I - E S ( D N N S A ) , in an aggressive environment, causes an increase in the corrosion
rate. The situation is most pronounced within 2 to 3 hours of exposure before further

increase over time. This occurrence m a y be due to various factors, such as: the steel has
been pushed towards anodic potentials. This pronounced increase in the CR occurs
immediately once the specimen electrode potential surpasses its Ecorr value and is
characterised by anodic currents.

The uncoated PANI-ES(DNNSA) definitely caused steel Ecorr ennoblism to occur but
the effect was insufficient to push the metal into the "passive region". Perhaps the
anodic polymer increased the EC0TT value only up to the point of Epp or icc. This is highly
probable as steel corrosion proceeded without abate. If the EcorT was definitely pushed
into the "passive region", an anodic passive current, ip, would have been produced, and
which should have plummeted to insignificant values. Subsequent icorr-time curves
showed no such behaviour. Thus, it is highly unlikely that a fast forming "passive
layer" resulted between PANI and PCS interface as a result of positive Ecorr ennoblism.

The condition is less straightforward in the case of bare-PCS coupled to uncoated
PANI-EB(rneth/aik). No corrosion was observed for the first 5 hours of testing. The
corrosion inhibition or rust retardation may have been due to polymer residual alkalinity
and better barrier protection as the specimen was less porous and compressed that
resulted during the de-protonation/de-doping stage. However, between 5 and 10 hours
the polymer started to break down in the stirred solution (i.e. swelled, delaminated,
fractured and even peeled off in certain areas), which is reflected in the corrosion rate.
It is also highly possible that the EB transformed to ES (at the PCS/PANI interface)
during the corrosion process of underlying steel and in doing so reinitiated the
aggressive corrosion process. This polymeric transformation was later verified (Chapter
5). Afterwards, the CR rapidly increased to values similar to that observed for the
PCS//ES couple.
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The next part of galvanic testing was carried out according to the set-up illustrated
Figure 4.3 and the work repeated with non-topcoated PANI-ES(DNNSA) and PANI-

EB(meth/_ik) specimens. However, on this occasion, testing was carried out in compariso

with conventional materials such as pure copper, zinc (galvanised steel) and zincalume
(ZA; ~ 50:50 zinc-aluminium alloy). These conventional metals were considered to
determine whether the ASTM galvanic test performed predictably. Figure 4.7.
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Figure 4.7 Corrosion rate of steel, in an aggressive environment, when electrically
coupled to conventional and polymeric materials in 3.5% NaCl.

Figure 4.7 shows that steel corrosivity increases when coupled to pure Cu and PANIES(DNNSA), is slightly inhibited when coupled to PANI-EB(meth/_ik) and greatly
protected when coupled to zinc and zincalume®, ZA, (an alloy of zinc and aluminium in
the ratio of 1:1) as, of course, is well known. Thus, the galvanic ASTM method
performed as expected.

4.3.2

Electrochemical Investigation

The E/time plot for PCS//PANI-ES(DNNSA)/ITO-glass over 24 hours showed that the
initial corrosion potential was ~ -330 mV (vs SCE), which was high enough to steer the
electrode potential towards the "passive region" i.e. the corrosion potential surpassed
the ECorr potential of uncoupled steel. The data also shows that steel reached the
"passive region" but was not maintained. This is strongly supported by high anodic
currents that are virtually constant, which represent the "passive current", ip.
Afterwards, from about 90 minutes of exposure the ECOrr rapidly plummeted to ~ -600
mV (vs SCE) before attaining a 'steady-state' at -650 mV (vs SCE). This clearly shows
that the electrode potential was not pressed into the 'immunity zone', however, it
attained a positive Ecorr shift of- 100 mV (vs SCE) relative to bare-PCS//PCS. The
initial electrode potential was beneficial as it was relatively anodic to standard
PCS//PCS and drove the steel into the "anodic passive region". Unfortunately,
specimen ennoblism towards more active potentials with time did not continue, the
effect was opposite (Figure 4.8).
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Figure 4.8 ECOrr-time plot of bare-PCS when coupled to PANI-ES(DNNSA)/ITO-glass
in 3.5% NaCl.

Current density-time plot for PCS//PANI-ES(DNNSA)/ITO-glass specimens proved
that anodic current density values were obtained i.e. P C S corroded as its corrosion
potential was pushed anodically and towards the "passive region". The initial value was
~ + 9 7 p A / c m 2 which is high, however, within 2-3 hours it fell slightly to ~ +84 pA/cm 2 .
It w a s a drop of 13 pA/cm 2 , which is virtually a 'steady state' over ~ 1-2 hours of
exposure, indicating beneficial "passive currents", ip, formation and that a "passive
region" was reached. Unfortunately a "passive layer" did not fully develop as indicated
by the current density increasing to ~ 90 u A / c m 2 at longer times indicated additional
corrosion or metal dissolution. A t this point the E S totally transformed to insular E B
(i.e. the polymer w a s thoroughly 'dark' blue) and physically started to deteriorate,
which subsequently increased the C R proportionally. (Figure 4.9).
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Figure 4.9 Current density-time plot of bare-PCS coupled to PANI-ES(DNNSA)/ITOglassin3.5%NaCl.

It is postulated that a "passive layer" formation was destroyed or prevented from
developing fully, as indicated by high anodic current density values. It was also visibly
noticeable that as PANI-ES(DNNSA)/ITO-glass gradually de-protonated or de-doped
and become less effective i.e. the inhibition longevity was estimated between 1.5 to 2
hours of exposure.

The longevity of substrate corrosion resistance, in aggressive saline solution, possibly
depends on the nature of the ES, its surface area, adhesion, porosity, thickness, reaction
to p H variations and water, concentration of contaminants and its ion-exchange
capacity. However, most of these parameters were not investigated. Subsequent ES's
were further investigated using E/t and i/t plots. They are: PANI-ES(HCl) P A N I ESfTartaric acid), P A N I - E S ( P M A S A ) and P A N I - E S ( D B S A ) .
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Figure 4.10 E/t plots for P C S w h e n coupled to non-topcoated ES's coated on ITOglass

The general trend in Figure 4.10 shows that steel was definitely affected by nontopcoated PANI-ES(DNNSA)/ITO-glass and ES(DDBSA)/ITO-glass specimens. Both
steel samples attained a 'steady state' at about -700 m V (vs SCE), which indicates that
ennoblism towards more positive potentials and the 'immunity zone' was insufficient.

In contrast, non-topcoated PANI-ES(HCl)/ITO-glass, PANI-ES(Tartaric acid)/ITOglass and PANI-ES(PMASA)/ITO-glass produced cathodic potentials which were
relatively more positive, and hopeful more beneficial as far as electrode ennoblism is
concerned. However, their electrode potentials could not be prolonged or maintained
over time. These considered polymers reached 'steady states' between -480 and -580
m V (vs S C E ) , as thefinalcorrosion potentials were approximately 300 ± 50 m V (vs
S C E ) more noble relative to uncoupled bare-PCS. The i/t data for these specimens is
shown in Figure 4.11.
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Figure 4.11 Galvanic i/t plots for steel when coupled to various ES's.

The data in Figure 4.11 shows that all ES's affect its coupled substrate at they produce
anodic currents over time, which is considered aggressive. For example, bare-PCS
when coupled to PAM-ES(DNNSA)/iTO-glass produced anodic currents of about 100
pA/cm2 that rapidly fell to ~ 82 pA/cm2 with time, and which is still considered

significant. The phenomenon indicates steel interfacial oxidation followed by partial (o
attempted) oxide formation. Unfortunately, the surface oxides broke up which
subsequently exposed the 'new steel interface' to the galvanic environment causing the
corrosion current to increase before reaching a 'steady state' of- 90 uA/cm .

Specimens PANI-ES(HCl)/ITO-glass and PANI-ES(TA)/ITO-glass produced lower
anodic current density 'steady state' values over time. It could mean that oxide

formation (i.e. oxides of Fe-tartrate and Fe-chlorides) is improved and better maintaine
relative to the other ES's. These two specimens also followed a similar i/t trend as
PANI-ES(DNNSA)/ITO-glass. For example, PANI-ES(HCl)/ITO-glass attained its

initial anodic current density value at ~ 130 p A / c m 2 before swiftly dropping to ~ 60
pA/cm . It indicates rapid steel corrosion followed by partial oxide formation.
Afterwards the steel specimen reached a 'steady state' at ~ 50 uA/cm2, which means

that it still corroded over time but gradually and at a lower rate relative to PCS//PANIES(DNNSA)/ITO-glass.

Galvanically coupled specimens, PCS//PANI-ES(TA)/ITO-glass, showed that the
polymer performed the best out of the considered test samples as it produced the lowest
initial anodic current, -25 uA/cm2, and a 'steady-state current', of -10 pA/cm2. It
means there was sufficient steel corrosion at the start to form some surface protection
and that surface oxides were slightly conductive, and stable. Generally, this specimen
was the most inhibiting.

Finally, non-topcoated PANI-ES(PMASA)/ITO-glass was unquestionably aggressive
towards PCS when galvanically coupled. This is evident by high anodic values that
were initially produced, -180 pA/cm2, which indicate severe metal
corrosion/dissolution and partial oxide formation i.e. steel dissolution increase over
time. The 'steady state' was not reached as the anodic current continuously increased
with time i.e. >140 pA/cm2. This particular specimen performed the worst.

Thus, electrochemical coupling tests show that various PANI-ES's affect PCS in
different ways. Some are more aggressive towards steel while others are not.
Furthermore, all considered PANI-ES's produced anodic currents over time, which
indicates metal oxidation. The degree of steel corrosion is postulated to be primarily
due to PANI dopants.
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4.3.3

Galvanic-UV-VIS "in-situ" study of modified PANI-ES's

Prior to galvanic testing, PANI-ES(DNNSA)/ITO-glass was fully immersed in 3.5%
NaCl (pH 5-6) for 16 hours to determine its behaviour on an inert surface (not
galvanically connected; it was the only one). It was a "blank" specimen. After the test,
the polymer did not transform in any way, which proved that any transformation that
may occur at a later stage, with the 'real' specimens, would be due to galvanic effects
rather than polymer intrinsic effects. The same set of ES's was designed to determine

the effect of the dopant, in situ, on the galvanic couple. The coupled materials were kept
in individual cells of 1 L capacity and connected by a conductor (electric wire) of - 10
cm length. This particular test only differed in polymer design.

The first polymeric specimen to be considered for galvanic testing was insular PANIEB(meth/aik)/ITO-glass coupled to bare-PCS. After 2 hours of exposure the polymer
coating attained a slight hypsochromic shift (blue shift) of 22 nm i.e. >wax curve A =
579 nm to curve B = 557 nm and a slight hyperchromic shift i.e. absorbance from 0.60
to 0.65. These slight hyperchromic-hypsochromic shifts may be insignificant effects.
However, the polymer appeared slightly more 'pale blue' in colour relative to its
'original' EB(meth/aik) hue. The reason for this hypochromic effect is unknown but it is
suspected it could be due to slight conformity changes. (Figure 4.12).
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Figure 4.12 U V - V I S spectra of PANI-EB(meth/_ik)/ITO-glass coupled to P C S , overtime,
in aerated-stagnant 3.5% NaCl (pH 5-6)

Generally, PANI-EB(meth/_ik)/ITO-glass coupled to bare-PCS, over 2 hours, in aeratedstagnant 3.5% NaCl (pH 5-6) produced minimal changes. PANI-EB(me___ik) was
basically inert on ITO-glass when coupled to steel.

The second polymer to be investigated was PANI-ES(DNNSA)/ITO-glass//PCS, which
was tested under the same experimental conditions. Its performance is shown in Figure
4.13.
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Figure 4.13 U V - V I S spectra of PANI-ES(DNNSA)/ITO-glass coupled to bare-PCS,
over 4 hours, in aerated-stagnant 3.5% NaCl (pH 5-6)

Figure 4.13 shows that PANI-ES(DNNSA)/ITO-glass coupled to bare-PCS in 3.5%
NaCl, over time, continuously changed both bathochromically (red shift) and
hypochromically then 'switched' hypsochromically (blue shift) and hyperchromically.
Generally, the ES started to transform to LE to EB from - 60 minutes, curve "C", and
by about 2 hours of exposure the transformation was quite pronounced, curve "D". The
'green' coloured PANI-ES gradually decreased its peak (Curve "A" in Figure 4.13) and
reduced to polyleuco emeraldine (LE) as a relatively 'pale yellow' colour was formed
and by the formation of a peak at ~550nm
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. The reduced LE then progressed to be

further reduced (Curve "D" in Figure 4.13) as indicated by the flattening of the 'tail
end' 131.

Between 2 and 4 hours of exposure the polymer was totally transformed to PANI-EB,
curve "E". During the first stage, in comparison to curve "A" (765/1.4729), curves "B"
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(841/1.3278) and "C" (899/0.6024) attained this effect. During the second stage, ?w
curves "D" = 893/0.3118 and "E" = 574/1.415 attained a 'blue shift' and hyperchromic
effect. After the test, the polymer coating was closely inspected and proved to be
physically in tact. Overall, the polymer de-protonates/de-dopes simultaneously as barePCS oxidises. A current of about +0.07 pA flowed between the coupled materials prior
to ES change to insular EB. Afterwards, no current flowed.

Figure 4.14 shows the effectiveness of PANI-ES(HCl)/ITO-glass coupled to bare-PCS
under the same experimental parameters.
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Figure 4.14 U V - V I S spectra of PANI-ES(HCl)/ITO-glass coupled to P C S , over 9
hours, in aerated-stagnant 3.5% NaCl (pH 5-6)

It also shows that the polymer is dynamic throughout the galvanic test. It attained
similar patterns as the former polymeric specimen. However, its transformation period
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from E S to E B was slightly drawn out. The specimen spectral values, W A , over time,
are tabulated in Table 4.2.

Figure 4.15 shows the effect of PAM-ES(TA)/ITO-glass coupled to bare-PCS under the
same conditions. The anion dopant, tartrate, was derived from aqueous 0.1M Tartaric
acid. This specimen also behaved similarly to PANI-ES(DNNSA)/ITO-glass and
ES(HCl)/ITO-glass specimens. Its spectral values, >Wnax/A, over time, are tabulated in
Table 4.15.

PANI-ES(TA)/ITO//PCS
A = 0 min
B = 30 min
C = 60 min
Cr^SOTtitn "
E = 120 min
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Figure 4.15 U V - V I S spectra of PANI-ES(TA)/ITO-glass coupled to P C S , over time, in
aerated-stagnant 3.5% NaCl (pH 5-6)

The overall bathochromic shift, from the original position, is 102 nm, possibly a
polymer conformity change. As far as the polymeric transformation is concerned, it

appeared slightly 'pale green' in colouration relative to its 'original' shade of colour
then progressed to turn partly 'blue' and subsequently completely 'blue', as indicated

by the hyperchromic effect at 585 nm. The 'pale green' colouration is suspected to be
E S conformational changes.

Figure 4.16 shows the effect of dopant, polyaniline sulphonic acid (PMASA), when
incorporated into EB{meth/aik) to form P A N I - E S ( P M A S A ) . The specimen was cast on
ITO-glass, coupled to bare-PCS and tested under the same conditions. The anion dopant
was derived from aqueous 10 m g P M A S A/100 m L of water.
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Figure 4.16 UV-VIS spectra of PANI-ES(PMASA)/ITO-glass coupled to PCS, over
time, in aerated-stagnant 3.5% NaCl (pH5-6)

Figure 4.16 shows a hypsochromic shift (blue shift) of 50 nm i.e. from 848 nm to 898
n m over 30 minutes of exposure, which was followed by simultaneous hypochromichypsochrornic and hyperchromic effects. This specimen transformed completely from
E S to L E to E B within 2 hours. With curve "B", notice that the 'green' E S transformed
quickly to L E (i.e. E S peak decline at 900 n m and another peak formation at 570 nm,
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and flattening of the 'tail end' 131) then further reduced to EB. The PMASA dopant
was fast acting. Spectral results are shown in Table 4.3.

Finally, Figure 4.17 shows the effect of PANI-ES(DBSA)/ITO-glass//PCS couple. The
anion dopant was derived from aqueous 10 m g dodecylbenzene sulphonic acid/100 m L
water (w/V), p H - 2. This anion caused the fastest E S transformation to E B of all
considered specimens.
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Figure 4.17 UV-VIS spectra of PANI-ES(DBSA)/ITO-glass coupled to PCS, over
time, in aerated-stagnant 3.5% NaCl (pH 5-6).

The spectral results shown in Figure 4.17 indicate that the polymer follows the same
protonation/de-doping trend, however, over a shorter period (< 30 minutes). It proved
extremely effective. Curve "B", shows the 'green' E S being reduced rapidly to
polyleuco emeraldine (LE) as indicated by the peak decline at 800 n m and another peak
formation at 570 nm, and the flattening of the 'tail end' 131. The DBSA dopant was

also fast acting. The doping of the large anion, D B S A , did not cause the test polymer to
crack, however, some polymeric swelling was observed. All spectral results are shown
in Table 4.1.

Table 4.1 UV-VIS data of PANI specimens, in-situ, under galvanic coupling
Sample/ITO

ES(DNNSA)

^ma_/A@

X-.ax/A @

A-__/A @

X-,__/A @

Time 120

Time 9h

557/0.399

-

543/0.5564

633/0.317

TimeO

Time 30

Time 60

Time 90

765/1.473

841/1.328

899/0.602

574/1.415

549/0.3578
EBfaik/meth)

579/0.600

561/0.6481

—

ES(HCl)

807/1.055

917/0.814

917/0.8435

541/0.510

543/0.4532

875/1.409

877/1.210

ES(TA)

773/1.5513

-

877/1.1276

585/1.0836

626/0.7843
ES(PMASA)

848/0.630

898/0.3373

585/0.610

584/0.612

ES(DBSA)

803/0.9612

589/0.6957

578/1.1141

578/1.2456

N B * 'green' cooured data repiesents ES's w lile the 'blue'represents the E B form.

Table 4.1 indicates A,max and absorbance, A , values attained whilst the polymer was

transforming from ES to EB under coupling conditions. The data has been colour coded

to simplify the trend i.e. 'green' identifies PANI-ES's and 'blue' identifies PANI-EB's
The time where partial PANI transformation occurred, at different times, is doubly
colour coded. The galvanic test was tenninated (i.e. samples removed from solution)
when the polymer attained its complete 'blue' form.

Overall, galvanic tests indicate that the mechanism of simultaneous polymer
reduction/de-protonation/de-doping and PCS oxidation did occur with all considered
PANI specimens. The polymeric transformation from conductive 'green' PANI-ES

state to the reduced 'blue' PANI-EB form did occur under these conditions. In addition,

the considered anions proved to be effective as far as the speed of E S transformation to
EB was concerned. All polymeric specimens transformed between 1 to 2 hours under
galvanic coupling conditions, however, the fastest transformation took place with
PANI-ES(DBSA) while the slowest was PANI-ES(TA).

Furthermore, the CR of PCS (expressed as Total-Fe, in mg/L) appeared to have been
inhibited whilst the polymer retained its 'green' or its electroactive form. However,
once the ES transformed to the insular LE and then to EB it physically deteriorated
which subsequently caused the CR to increase. In addition, the EB polymer became
only a barrier.

4.3.4 Total-Fe analysis on Galvanically Coupled Samples under Full Immersion
To complement the former electrochemical and UV-VIS work, full immersion/ galvanic
tests were performed using the same set of samples i.e. PCS//PANl-ES(DNNSA)/ITOglass, PCS//PANI-ES(HCl)/ITO-glass, PCS//PANI-ES(Tartaric acid)/ITO-glass,
PCS//PANI-ES(PMASA)/ITO-glass and PCS//PANI-ES(DBSA)/ITO-glass. The set up
was according to Figure 4.3. The full immersion (FIT) half-cells, containing 1 L of
3.5% NaCl, were periodically sampled for Total-Fe analysis by ICP (Figure 4.18). The
electrolyte solution was kept under aerated-stagnant conditions to prevent PANI-ES's
from peeling off the ITO-glass. The electrode surface area of bare-PCS was 9 cm2 and
that of ES's as 27 cm2. Furthermore, the anolyte and catholyte pH were monitored at
regular intervals during the test.
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1 = non-topcoated PANI-ES(HCI)//PCS, in stirred 3.5% NaCl, pH 5-6
2 = non-topcoated PANI-ES(TA)//PCS
3 = non-topcoated PANI-ES(DDBSA)//PCS
2.5
A—norFtopcoated1»ANrestPMASA)//PCS
5 = non-topcoated PANI-ES(DNNSA)//PCS
6 = bare-PCS//Insulator
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Figure 4.18 Full immersion tests on galvanically coupled ES's in 3.5% NaCl

Figure 4.18 compares the FIT data of modified polymers to bare-PCS, which was

coupled to an insulator (plastic). The test was carried over a 'short-period of time' a
adhesive longevity of ES's cast onto ITO glass is short, under wet conditions.
Depending on the polymeric dopant, it was normally between 1 and 36 hours.
Extending the polymeric adhesion beyond 36 hours of Fl was problematic. Overall, this

was a difficult test to carry out as the ES's would peel off the ITO-glass and flap ab
in solution. Only the dry portion or the polymer (that was above the water line) held
PANI coating suspended in solution.

It is evident that the two galvanic experiments (as shown by Figure 4.3 and Figure 4.5)
reflect different data even though the PCS to ES surface area ratio and other
experimental parameters were similar. The different data between the two sets cannot
be compared as the generated results in Figure 4.18 were obtained with PANI-ES cast
ITO-glass (which were films or thin coatings) while the later PANI-ES coating cast

on

on plastic was relatively thicker. Thus, even though the electrode surface area was
similar the polymeric masses were different. However, at the time the polymeric mass
was not considered. Generally, the ES cast onto the plastic was relatively thicker (i.e.
3.7 \im versus ~ 1 pm), strongly adherent to the substrate, contained more 'throwing
power' and electroactive endurance. On the other hand, the ES thin coating cast on
ITO-glass had the opposite effect.
During immersion the ES thin coating swelled, developed weak adhesion with the
substrate, which then affected electrical contacts of the electrode and subsequently the
galvanic corrosion current. The thinner coating meant that the ES films cast on ITOglass were galvanically less effective relative to their thicker counterpart cast on
plastic. The result was greater corrosion rate values of PCS galvanically coupled to the
thicker ES (Figure 4.3) compared with the results given in Figure 4.5 for thinner ES
coatings.

The data in Figure 4.18 shows that bare steel coupled to PANI-ES(DBSA)/ITO-glass
performed poorly as it produced the highest corrosivity over the exposure period. It was
the only sample which produced a sufficient amount of total iron concentration (TotalFe) over ~ 2 hours of immersion or during UV-VIS de-protonation/de-doping tests.
This can be explained as the polymer was the first to de-protonate/de-dope and
transform into the 'blue coloured' EB form i.e. < 30 minutes. As mentioned previously,
once the ES transforms to the insular EB the galvanic efficiency of the coupled
materials is nullified. Refer to UV-VIS data in Figure 4.18 or Table 4.1. Furthermore,
this was the polymer that caused considerable problems. For example, it quickly peeled
off its substrate and hung about within the catholyte solution. This occurrence happened
within 1 hour of exposure, however, as the polymeric coating was still in one piece it
was allowed to participate in the galvanic corrosion test.

The next most aggressive specimen against P C S was PANI-ES(PMASA)/ITO-glass. It

started to affect the corrosivity of steel relatively early i.e. within 8 hours. Afterw
the corrosivity increased with prolonged exposure and polymer de-protonation/dedoping process. Refer to Table 4.1. During the test, this polymeric sample maintained
its adhesion to the ITO-glass.

Specimens, PANI-ES(DNNSA)/TIO-glass and PANI-ES(HCl)/TIO-glass performed

adequately. They started to affect the CR of steel at about 24 hours of full immersion.
PANI-ES(TA)/TIO-glass also performed satisfactorily. The start of steel corrosion was
detected at about 36 hours of exposure. Furthermore, these three polymeric specimens
adhered well to its substrate.

4.3.5 pH Effect on Galvanically Coupled Samples
Finally, to complement former tests, pH measurements were taken at the anolyte (A)
and catholyte (C) sites during solution sampling. The pH of the solution was measured
as close as possible to the electrodes using a conventional laboratory pH meter, which
was fitted with an extended microprobe. Results of the pH are recorded in Table 4.2.

Table 4.2 p H of the catholyte and anolyte solutions during galvaniccoupling

A/C

A/C

A/C

A/C

A/C

A/C

A/C

Time

Time

Time

Time

Time

Time

Time

0

30

60

120

9

24

36

(min)

(min)

(min)

(min)

(hours)

(hours)

(hours)

ES(DNNSA)

6.0/6.0

6.0/6.5

6.0/6.5

6.0/7.0

6.0/7.0

6.0/7.0

6.0/8.0

ES(HCl)

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.5

6.0/7.0

ES(TA)

6.0/6.0

6.0/6.0

6.0/6.00

6.0/6.0

6.0/6.0

6.0/7.0

6.0/7.0

ES(PMASA)

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.5

6.0/6.5

6.0/7.0

6.0/7.0

ES(DBSA)

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

6.0/6.0

Sample/ITO
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The results in Table 4.2 clearly show that the anolyte pH remained static throughout the
entire test period while the catholyte changed to alkaline values, except for the PANIES(DBSA)/ITO-glass specimen. The reduction of oxygen or dissolved oxygen in near
neutral solution consumes electrons, which were formed by the oxidation reaction on
steel, Equation 4.1.

02 + 2H20 + 4e" -» 40H- Eq.4.1

Thus, the rise in alkalinity indicates that the galvanic process was active, or at least
temporarily.

4.4 CONCLUSIONS
Important factors in galvanic corrosion studies are chemical effects, electrochemical
effects, cathodic-to-anodic surface area ratios and material characteristics
11062108109111 por example, with high Zn-to-Fe surface area ratio, Fe electrode
becomes more negative than usual and results in Zn consumption i.e. zinc acts as a
sacrificial anode as the iron cathode accepts electrons and is preserved. For low Zn-toFe surface ratio, Zn did not provide adequate protection for Fe.

Conversely, with high PANI-ES to PCS surface area ratio, the steel electrode became
noble (positive) relative to normal (uncoupled), transits towards the 'passive region',
undergoes oxidation (corrodes) and simultaneously liberates electrons i.e. it corrodes.

This form of anodic protection is based on the formation of a protective film or layer on

the metal interface caused by an externally (or internal) applied anodic currents i.e. by

galvanic coupling ES to steel. During this transitional stage the liberated electrons are

systematically consumed by the electroactive E S and the polymer undergoes reduction
causing it to transform to the 'blue' EB state.

The anodic process at the steel surface ceases when it reaches the "passive region" and
attains low ip currents. During this stage, the inhibiting effect of corrosion develops
between the metal-PANI-ES interface due to the formation of insoluble deposits caused
by the combination of Fe corrosion products and PANI reduction products such as
negative dopants or anions, which can be simple, complex or polymeric. Unfortunately,
for non-topcoated systems these beneficial effects are temporary.

Chemical effects are important. One of the most important parameter is the effect of pH
on the specimen. Pourbaix has provided detailed studies on pH versus potential (E vs
SHE) of iron in water. Optimum values of pH are important for PCS//PANI-ES
systems. As 1 L volume of stirred 3.5% NaCl (pH 6-7) was used during galvanic testing
the pH variations at the anolyte were insignificant. However, at the catholyte, the pH
point to alkalinity, and which indicate cathodic electroactivity.

Electrochemical effects are also important. Tests such as ECOrr-time and iCOn-time were
evaluated. The accepted potential for Fe protection by certain PANI-ES's range
between -400 mV and +200 mV (vs SCE), as the metal passes into the "passive region".
The effects of dissolved oxygen (DO) at the Fe metal interface must also be considered.
Insufficient DO may cause problems, while surplus DO will cause cathodic reactants to
progress more rapidly and cause PANI-ES reduction to increase. Electrochemical
measurements such as E-time, icorr-time, Total-Fe and UV-VIS were carried out to
predict such electrochemical characteristics of PCS when galvanically coupled with
various PANI coatings.
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Our tests s h o w that P A N I - E S ( D N N S A ) coatings coupled to P C S initially provide a
degree of corrosion protection in 3.5% NaCl (pH 5-6), however, the effect is temporary.
Other forms of PANI.HA have the possibility of producing different galvanic coupling
effects. Our work also shows that there are definite galvanic effects occurring between
PANI-ES's and PCS. Furthermore, galvanic tests strongly point to the fact that a
suitable topcoat is required to stabilise and maintain the 'newly formed' interfacial
environment that formed between PCS and PANI in the anodic or "passive" region.
This query was subsequently addressed and investigated, and is covered in Chapter VI.

The role played by the polymeric dopant is complex, however, by the onset of corrosion
(oxidation) it influences the nature of the redox process e.g. cation incorporation and
the induced anionic release. Dopants can also influence the specimen potential at which
these processes occur. The dopant is also part of the ICP that contributes towards
polymeric physical properties. Furthermore, there is support that ICP barrier effect
occurs. Other external factors that deal with barrier corrosion characteristics are ions,
oxygen and water, which all affect the function and the oxidation state of the polymer.

CHAPTER V
5.0 COMPARISON OF NON-COATED
EMERALDINE SALT, EMERALDINE BASE AND
EPOXY COATINGS FOR CORROSION
PROTECTION OF STEEL DURING IMMERSION
IN A SALINE SOLUTION
5.1 INTRODUCTION
A considerable body of literature now exists relating to the corrosion protection of
metals (iron, steel, aluminium, copper and others) by electroactive conducting polymers
(ECP's), such as polyaniline (PANI). As described in recent review articles 95,129132

these polymers act differently to conventional barrier coatings. In particular, ECP's ar

believed to promote the passivation of the metal surface 24 and/or reduce the likelihood
of cathodic disbondment by shifting the cathodic reaction away from the metal surface
27.
Passivation is thought to occur through ennoblism: where the galvanic coupling of the
metal with the more noble ECP coating shifts the corrosion potential of the metal into
the passive regime where protective, dense oxide layers form. Measurements of
corrosion potential (ECOrr) for numerous ECP coated metals have produced widely

varying results *14, although most studies show an increase in ECOrr over the base metal.
The evidence for protective oxide formation comes from surface analyses using X-ray

Photoelectron Spectroscopy 69 ? Fourier Transform Infrared Spectroscopy 133 and even
visual observations 2? Figure 5.1, for example, shows the surface of steel after the
removal of a polyaniline (emeraldine salt) coating.

X-scribe
mark

Figure 5.1 A steel surface after removal of P A N I - E S coating following atmospheric
exposure (30 days). Note, the exposed "X" scribe mark did not rust.

The metal surface shows gray-to-black coloured oxides (presumably Fe304) rather than
the more usual red/brown "rust" colour (Fe203) that developed at the punch hole i.e.
lower right-hand corner.

Conventional polymer barrier coatings (such as epoxy, polyurethane and others) usually
fail in corrosive environments due to cathodic disbondment. This process involves
alkalisation, blistering and delamination at cathodic sites while metal oxidation occurs
at the anodic sites. Schauer et al 133 a^g that when ECP coatings are used, the
cathodic reaction shifts from the metal/polymer interface to the polymer/electrolyte

interface. This shift means that the local p H near the metal surface is minimised thereby
reducing the likelihood of adhesion failure.

The effectiveness of both proposed mechanisms will be sensitive to the nature of the
metal, the environment and the polymer coating. The form of the ECP coating greatly
affects its properties, such as the half-cell potential, conductivity, permeability and
mechanical properties (e.g. adhesion to the metal). Each of these properties is clearly
important in both proposed mechanisms of corrosion protection. Furthermore, the
nature of the dopant may change the chemical composition of the local corrosion
environment since the dopant is usually released from the polymer when the polymer is
galvanically coupled to the metal.

In the present work, the corrosion effectiveness of two forms of polyaniline (emeraldine
salt and emeraldine base) has been compared with a conventional barrier polymer
(epoxy). As the two forms of polyaniline differ in chemical and physical properties,
such as conductivity, redox and barrier properties (at various pH values), the PANI
forms have the capability to be used for specific applications or environments. For
example, the electronic conductivity of emeraldine salt, PANI-ES, is 11 orders of
magnitude higher than the emeraldine base 134
workers
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m

1997 and 1998, Epstein and co-

reported that the emeraldine base form of PANI is a better barrier than the

emeraldine salt. However, data on permeability of PANI to water, oxygen and ionic
species when used as a coating for corrosion protection is not available. Both forms of
the PANI are electroactive with reversible oxidation from the emeraldine salt/base to
pernigraniline and reversible reduction of emeraldine salt/base to leucoemeraldine. The
oxidation potentials for both the emeraldine salt and emeraldine base are similar,
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although reported range values vary widely i.e. +0.16 to +0.76 V, versus saturated
calomel electrode.

Previous studies have also compared the corrosion performance of emeraldine salt (ES)
and emeraldine base (EB) coatings on steel or iron 134 27 B 13. j^^

studies report

superior protection by the emeraldine base, however, have not elucidated as to how this
functions mechanistically. Kinlen and co-workers showed that the EB was
electrochemically inactive in scanning vibrating electrode technique studies of pinholes
in EB-coated steel 25. In contrast, pinholes in ES coatings were found to be anodic and
the coating to be cathodic supporting the mechanism of oxide formation at the pinholes.
After some time, the activity at the pinholes ceased due to passivation. Similarly,
Epstein and co-workers

69

found that EB coatings maintained a stable oxide thickness,

while ES coatings (and epoxy) caused oxide thickening upon exposure to moisture.

In the present study, ES, EB and epoxy coatings on steel are compared by immersion

testing in a saline solution. The aim of the study was to provide further insight into th
mechanisms of corrosion protection by polyaniline coatings on steel.

5.2 EXPERIMENTAL
The polyaniline used was commercially obtained from Monsanto (PANDA™) as the
emeraldine salt form doped with dinonylnapthalene sulfonic acid (DNNSA-I shown
below).
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The P A N I - E S ( D N N S A ) was received as a liquid concentrate comprising of ~47(wt)%
PANI-ES(DNNSA) solids, ~30(wf)% butyl cellosolve and ~20(wt)% xylene solvent.
The 'as-received' concentrate was diluted with AR grade xylene to 5% (w/w) and
substrate coating carried out by "air-brush" spraying onto a heated cold-rolled A06
grade plain carbon steel (PCS). A hand held "air-brush" spraying system operated at
400 kPa (60 psi) nitrogen pressure was used. The PANI-ES(DNNSA) coating was then
dried in an air oven at 80 °C for 24 hours.

De-protonation solutions were prepared using double distilled water and AR grade
methanol (Univar). Sodium hydroxide (BDH) (1.0M dissolved in 50:50
water/methanol) was used to de-protonate the PANI-ES(DNNSA) films. The PCS
coated with PANI-ES(DNNSA) was immersed in the deprotonation solution for 15-20

minutes. Previous UV-visible spectroscopy studies on films of similar thickness cast
onto glass showed that this immersion procedure fully converted the ES to EB 135.

UV-visible spectra were obtained using a Shimadzu UV 1601 spectrophotometer and a
Perkin-Elmer Lambda 900 spectrophotometer, providing UV-visible and UV-visibleNIR spectra between 300 and 1100 nm, and 300 and 3200 nm, respectively. Film
porosity was examined using a Leica Stereoscan 300 scanning electron microscope

(SEM).

Full immersion testing of the corrosion protection behaviour of the various polyaniline
coatings on PCS was carried out in stagnant aerated solution containing 3.5% NaCl (pH
5-6) at ambient temperature. Iron liberated into the saline solutions was determined by
inductively coupled plasma (ICP) analysis. Full immersion testing was conducted on
the PANI-ES(DNNSA), PANI-EB and epoxy coated PCS. An epoxy topcoat,
Duraprime 2020 (Supplier PPG Industries, Australia), was cast on the steel at room
temperature using a draw-down bar and cured by rapid heating (30 seconds) to 232°C
followed by water quenching. All coating thicknesses were in the range 3-4 pm.
Immersion testing was conducted on 5 replicate samples of each coating type to ensure
reproducibility of results.

5.3 RESULTS
5.3.1 Materials Characterisation
The quality of the sprayed coatings was examined using SEM (Figure 5.2). The SEM
micrographs reveal spherical solvent pores and matrix impact indentations of ~ 50 pm
diameter on the ES coated surface. Similar features were observed in the EB coating.
These spherical pores are points where the electrolyte and dissolved oxygen may access

the substrate. Even with repetitive polymer application these pores were difficult to fil

Figure 5.2 The nature of P A N I surface coating on steel by the 'air spraying method'

5.3.2 Corrosion Testing
The corrosion rate of non-topcoated PANI on PCS was compared with the corrosion
rate of steel coated with a conventional barrier polymer (epoxy). The aim was to

identify any differences in corrosion protection afforded to steel by electroactive PA
coatings compared with conventional polymer coatings. Samples of bare-PCS,
PCS/Epoxy, PCS/PANI-ES and PCS/PANI-EB were tested by immersion in aerated
3.5% NaCl (pH 5-6), at ambient conditions, for up to 10 days. The corrosion rate was
monitored both visually and quantitatively (by Total-Fe analysis), as discussed in
CHAPTER H, section 2.3.2).

5.3.3 Qualitative Immersion Testing
The bare PCS corroded heavily within the first day of immersion. Initial visual
observations of PCS/Epoxy sample during immersion testing showed very little

corrosion. However, after 2 days localised blisters were observed which gradually grew
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in size and number, and corrosion was noted within each blister. In this instance, the
epoxy coating acts as a semipermeable membrane, which fails due to increasing

osmotic pressure as a result of rising salt concentration at coating defects. Ultimate

water is forced through the coating to dilute the solution. The increase in water pres

within the defect area blisters the epoxy. The blister increases in size as delaminati

increases between the iron oxide and epoxy coating. Furthermore, the pH in the blister
is known to become alkaline (> pH 9) and these conditions tend to accelerate blister
growth due to polymer breakdown resulting in loss of adhesion 2.
After 2 to 4 hours of immersion (the exact time varied from sample to sample), the
PCS/PANI-ES started to change colour from the initial 'green' to transient 'pale
green/yellow' and finally to 'blue' EB. These processes are illustrated schematically
Figure 5.3.

PCS/PANI-ES (DNNSA)

Anodic site develops in
the central position and
gradually creep outward
SA: C to A ratio is large

The underlying P C S
corrodes & PANI-ES
changes to 'pale-green'

Anodic
central pit creeps
outwards
SA: C to A ratio is large

PANI-ES continues
to deprotonate &
changes to 'yellow'

The localised
corrosion area
reduces the polymer
to a 'blue' colour
SA: C to A ratio is large

Figure 5.3 Schematic representation of P A N I coating transformation from 'green' E S
to 'yellow' LE to 'blue' EB upon extended exposure in aerated-stagnant 3.5%
NaCl.

At longer exposure time (~ 24 hours), the PANI-steel specimen produced localised rust
spots (probably Fe 2 0 3 ) of less than a millimeter in diameter, which progressively
increased in size and number over the immersion period. In addition, specimen
blistering was detected on Day 3, and these also increased in size and number over the
immersion period.

The PCS/PANI-EB specimen retained its 'blue' colour during immersion. Localised
rust spots (< 1 m m in diameter) appeared after 24 hours of immersion, which increased
in size and number with prolonged immersion time. Blistering was detected on Day 3
and intensified with further immersion. In general, by Day 3, the specimen was
physically similar to the transformed ES. Film breakdown was observed upon extended
immersion (Figure 5.4).

Figure 5.4 P A N I coating break d o w n upon extended exposure in aerated-stagnant
3.5% NaCl (pH 5-6). O n drying the brittle E B crumbles.

After -24 hours immersion, the 'olive green' ES coating transformed to "dark blue' EB
after 4 hours of exposure, swelled and eventually cracked. After -30 hours of exposure
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both E S and E B forms perform similarly due to disintegration of their coating. O n
drying, the polymers become prone to disintegration due to extreme brittleness.

5.3.4 UV-Visible Spectroscopy
UV-visible-NIR spectra were obtained by a reflectance technique at regular intervals
during full immersion tests. The change of PANI/ES to leucoemeraldine (PANI-LE) is
indicated by a significant red shift from 690 n m to 900 n m (Figure 5.5). A similar shift
has been previously noted by Wolszczak 131 w h o identified the spectral shift. With the
transformation of E S to L E this effect occurs within thefirsthour of exposure.
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Figure 5.5..UV-Visible-NIR spectra of PANI coating showing transformation from ES
(A) to L E (B) then to E B (C) in aerated-stagnant 3.5% NaCl (pH 5-6): A before
immersion; B after 60 minutes immersion; C after 150 minutes immersion.

After this time, the LE changed gradually to the EB form and simultaneously the
'yellowish' L E colour changed to 'blue' E B (Figure 5) 136. The spectrum obtained
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after immersion suggests that the transformation for coated P C S is incomplete. After
1.5 hours of immersion the UV-visible-NIR spectrum contained peaks corresponding to
the ES, LE and EB forms of PANI.
During the UV-Vis work, the 'green' PANI-ES transformation to 'yellow' LE then to
'blue' EB and the wavelength changed from 690 nm to 900 nm to 585 nm, respectively.
Generally, as the PANI-LE formed, the UV-VIS spectrum can be identified by the ES

peak "red-shift" which gradually flattens, by another peak formation at 550 nm and by

the decline of the "tail end" to zero absorption 131. Refer to Figures 3.2, 5.5, 5.1
4.13-4.17 that show similar spectral shifts.

5.3.5 Quantitative Immersion Testing
Total-Fe analysis of the solution was carried out on specimens under full immersion
(Figure 5.7).
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Figure 5.7...Iron dissolution rate of specimens in 1 L of aerated 3.5% NaCl. The
surface area of specimens was 9 cm .

5.3.6

E p o x y Coatings

The PANI-ES(DNNSA) coating on steel showed quite different corrosion behaviour in
terms of the Fe content of the immersion solution compared with the epoxy coated PCS.
The PCS/Epoxy results are similar to those described above: initially there is no
observable corrosion, but after an "incubation period" (in this case - 25-30 hours)
corrosion is detected by an increasing Total-Fe concentration. As noted above,
corrosion is localised and causes blister formation. Diffusion of Fe2+ and Fe3+ ions
through the epoxy from the blister to the electrolyte, and/or rapturing of the blister,
enables the corrosion process to be detected using the Total-Fe approach.

5.3.7 PANI-ES Coating
PCS coated with PANI-ES(DNNSA) causes the corrosion rate to increase relative to the
conventional barrier coated sample, PCS/Epoxy. This effect may be due to high coating
porosity, as suggested by the SEM micrograph (Figure 5.2). The presence of pinhole
defects and/or a higher permeability of PANI-ES(DNNSA) compared to epoxy
consequently provide a lower degree of "barrier protection". Furthermore, the ES is

acidic in nature and primarily functions (i.e. electroactive) in the 'corrosive region' (
< 4). This parameter also contributes to steel corrosion. Refer to Pourbaix diagram for
iron in water (Figure 5.10.)

Closer examination of the Total-Fe analysis for PCS/ES (Figure 5.8) shows that
corrosion begins immediately and continues at the same rate for the first 3 hours of
immersion. Between 3 to 10 hours, the iron concentration is constant, while after - 10
hours the iron concentration in the electrolyte again begins to increase. The same
general behaviour was observed in all 5 samples tested.

The constant iron concentration observed between 3-10 hours of immersion suggests

that corrosion ceases or slows significantly during this time. However, it is also possi

that the corrosion products (soluble iron) are not released to the electrolyte or absor
by the PANI coating from the electrolyte during this period.

To determine if the polymer coating was absorbing the soluble iron from the electrolyte,
several blank experiments were performed. Duplicate test specimens of - 37 cm2
surface area were made by spraying the ES onto a gold-coated Mylar™ plastic film
(Au-Mylar). A gold substrate was used to avoid substrate corrosion/dissolution.
Dedoping produced the Au-Mylar/PANI-EB. Also a LE sample was made
potentiostatically using -1.50 Volts (vs Ag/AgCl) in aerated-stagnant 3.5% NaCl over 2
hours. The electrochemical treatment caused the polymer to become 'pale green' which
gradually transformed to a 'yellow' colour.

The PANI-coated Au-Mylar test samples were subsequently immersed in 50 mL
aerated-stagnant 0.10 mg Fe /L and 0.10 mg Fe /L standard solutions to determine
whether PANI coatings absorb ionic species under consideration. The concentration of
0.10 mg/L Total-Fe was selected as the value falls within the range of interest as
indicated by the plateau region in Figure 5.8.
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Figure 5.8.. Iron dissolution results over time for five PCS/PANI-ES(DNNSA)
specimens in aerated 3.5% NaCl (pH 5-6)

Table 5.1. Concentration of dissolved iron measured after immersion of various
samples in either 0.10 mg/L Fe11 or F e m solution for 24 hours.
[Tot-Fe11]

[Tot-Fe'"]

(mg/L)

(mg/L)

STDS0.10mgFe 1 1 &Fe U 7L

0.10

0.10

Au-Mylar

0.10

0.10

Au-Mylar/PANI-ES(DNNDA)

0.10

0.10

Au-Mylar/PANI-EB

0.04

0.04

Au-Mylar/PANI-LE

0.08

0.08

Sample/Solution

According to Table 5.1, the P A N I - E S ( D N N S A ) coatings when immersed in 0.10 mg/L

Fe" and Fem standard solutions for 24 hours did not absorb the ions in question. On the
other hand, the PANI-EB coatings absorbed both Fe and Fe species from solution
and the amount was significant (approximately 55%). After 24 hours of full immersion,

the iron absorption capacity of this polymer per unit surface area was calculated to b

1.43 pg Fe /cm and 1.48 pg Fe m /cm 2 , respectively. The PANI-LE was also found to
absorb Fe" (0.54 pg Fen/cm2) and Fe10 (0.06 pg Fera/cm2) from solution. The amount
was 23% over 24 hours.

It can be estimated from full immersion results that PANI-EB (10 cm2) can reduce the
apparent corrosion rate from ca. 0.025 mg/L.hr (0-3 hours) to 0.011 mg/L.hr (3-10

hours). As shown in Figure 5.8, the iron dissolution rate decreases to near zero during
the 3-10 hour immersion period. The absorption of iron species by PANI-EB coating

cannot account for such a dramatic decrease in iron dissolution rate, so it is conclud

that the underlying substrate corrosion rate must also decrease during this time perio
In some cases the iron dissolution rate is slightly negative, perhaps due to a higher
absorption capacity of these particular coatings, combined with a very low substrate
corrosion rate.

5.3.8 PANI-EB Coating
The PANI-EB coated PCS showed four distinct stages of iron dissolution (Figure 5.9)
with the last 3 stages similar to the behaviour observed for the PANI-ES coated PCS.

The first stage shows a low rate of iron dissolution, very similar to the epoxy coating
After ~ 4 to 5 hours of immersion the onset of corrosion was detected by Total-Fe
analysis. Between 5 and 10 hours of immersion (Stage 2) the corrosion rate increased
and then slowed to almost zero between 10 and 27 hours (Stage 3). Finally, after - 27
hours of immersion the corrosion rate abruptly increased (Stage 4) which was most
likely associated with film breakdown. Figure 5.9 shows that for PCS/ES(DNNSA) and
PCS/EB coatings the iron dissolution pattern is similar, however, the EB coating
requires about 4 hours before setting off along the same trend as shown by the PCS/ES

(DNNSA).

-.TO

Figure 5.9 P C S / P A N I - E S ( D N N S A ) and PCS/PANI-EB iron dissolution in 3.5% NaCl,
over time, under full immersion conditions.

Once again, it can be concluded that the "plateau" area in corrosion rate is not entirel
explained by the absorption of iron species from the electrolyte by the polymer and so
this period corresponds to a second stage of corrosion protection by the PANI-EB. The
possible reasons for this behaviour are detailed in the Discussion Section.

It is important to note that tests on pulverised and moist PANI-EB material estimated
the p H to range between 10-12. Even though the final E B coating was copiously
washed with deionised water it maintained its 'internal' or residual alkalinity that m a y
have affected the corrosion process. In contrast, the same test performed on pulverised
P A N I - E S ( D N N S A ) produced an acidic result (pH 4-5).

5.4

DISCUSSION

Electroactive PANI coatings in both the emeraldine salt and emeraldine base forms
have been compared with conventional epoxy coatings in terms of corrosion protection

for plain carbon steel. It was found during immersion testing in 3.5% NaCl solution tha
both the ES and EB were inferior to an epoxy coating of similar thickness. However,
the performance of the PANI coatings was distinctly different to that of the epoxy and
short-term corrosion protection was observed for both PANI-ES(DNNSA) and PANIEB on PCS. The following discussion considers the reasons for the differences between
polyaniline and epoxy coatings.

5.4.1 Epoxy Coatings
The epoxy coatings showed classical barrier protection from a semi-permeable material.
Water, ionic species and oxygen diffuse slowly through the epoxy coating to initiate

corrosion at the metal surface. A blister develops due to osmotic pressure created by t

relatively high concentration of ions at the metal/polymer interface. The increase in p
within the blister (due to reduction of O2 at the metal surface) causes the well-known

cathodic disbondment process that results in the acceleration of corrosion and blister
135

(tuberculation) growth

. Gross coating failure occurs w h e n the blisters rupture.

5.4.2 Emeraldine Salt Coatings
A direct comparison of PANI-ES(DNNSA) and epoxy coatings of similar thickness on

steel (Figure 5.6) has shown that the extent of corrosion is greater at all times for t
PANI-ES(DNNSA) coating, indicating that such coatings are inferior to the epoxy.
However, the PANI-ES(DNNSA) coating showed a period of reduced corrosion rate
that was not apparent with epoxy coatings, suggesting a different mechanism of
protection. These differences in behaviour may be ascribed to differences in barrier
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properties, conductivity and/or electroactivity between the P A N I - E S ( D N N S A ) and the
epoxy.
Polyaniline ES coatings are highly permeable to ionic species so that their barrier
protection is considerably reduced compared with an epoxy coating of similar
thickness. However, the higher ion permeability of PANI-ES(DNNSA) would also
serve to reduce osmotic pressure compared to epoxy coatings, since corrosion products
at the metal surface can more easily escape. The higher ion-permeability of PANIES(DNNSA) may explain why corrosion begins almost immediately upon immersion in
the electrolyte and also why the blister size and growth rate of PANI-ES(DNNSA) was
less than those occurring in the epoxy coatings.
The conductivity of the PANI-ES(DNNSA) coatings may also reduce the occurrence of
cathodic disbondment, as proposed by Schauer et al 133. According to these workers,
the conductive nature of the ES coatings means that the oxygen reduction reaction can
occur at the polymer/electrolyte interface, rather than at the metal surface as in
conventional (non-conductive) barrier coatings. Oxygen reduction leads to an increase
in pH that is thought to cause hydrolytic breakdown of the polymer and loss of adhesion
of the polymer to the metal. The lower adhesion and the osmotic pressure in the blisters
causes blister growth and further corrosion.
The electroactive nature of the PANI-ES(DNNSA) coatings also likely contributes to
the initial, rapid corrosion rate. Galvanic coupling of the more noble ES to the steel
causes ennoblism, as reported by many workers, but ennoblism does not guarantee
passivation. In fact, ennoblism of non-passivating metals (or increasing the corrosion

potential in the active region of passivating metals) leads to an exponential increase in
corrosion rate. The Pourbaix diagram for iron in seawater (reproduced in Figure 5.10)
also shows that the passive region is highly dependent upon the local pH.
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Figure 5.10 Pourbaix diagram for an iron-water system. The corrosion potentials and
p H ranges for P A N I - E S ( D N N S A ) and P A N I - E B are superimposed on the stable states
of iron.

Since pulverised, moist PANI-ES(DNNSA) was found to be acidic, the chances of
shifting the metal into the 'passive region' are reduced, as the passivation potential can
be as high as +1.0 V (vs. S C E ) and below a p H of 2, steel passivation is impossible.

Previous work has shown that galvanic coupling of uncoated P A N I - E S ( D N N S A ) to
steel caused an increase in the corrosion rate compared to non-coupled steel 137. These
tests were conducted at p H 5-6 in 3.5% NaCl solution (as used in the present study)
and, therefore, demonstrate that PANI-ES has insufficient oxidizing power or anodic
ennoblism to shift the metal into the 'passive region'. It should be noted, however, that
the oxidizing power is dependent upon the anode (steel) to cathode (ES) surface area

ratio 1W>. The lower the anode to cathode surface area ratio, the higher the oxidizing
power. For PANI-ES coated steel, the polymer acts as a poor barrier and so the anodeto-cathode surface area is likely to be close to 1:1. In such cases, it can be concluded

that the galvanic coupling of the ES to the steel will be insufficient to cause passivatio
and, in fact, the coupling will increase the corrosion rate of the steel, as reported
previously.

The acceleration of corrosion does not continue indefinitely, as there is clear evidence
that the corrosion slows considerably after a short period of immersion. The ES coating
apparently shifts from corrosion accelerant to corrosion protection after a few hours
immersion in 3.5% NaCl. Others have also reported similar observations and the
explanation is loosely ascribed to passivation, where corrosion occurs rapidly at pinhole
defects and after a short period of time these pinholes become filled with corrosion
products resulting in passivation 138. However, it was also reported that inherently
conductive polymers alone "lack the necessary properties such as adherence,
processability and stability to be a viable commercial product" 138.

An alternative explanation associates the switch in corrosion rate to the conversion of
the ES to EB during immersion. Visual observations and UV-Vis-NIR spectra show a
shift from ES to EB after a few hours immersion, which closely corresponds to the
decrease in corrosion rate. The reduction in corrosion rate may be associated with
inherent differences in corrosion protection provided by the ES and EB forms of PANI.
This possibility is further discussed in the next section.

When the ES is not topcoated, and immersed in an aggressive aqueous solution, the
initial galvanic effect causes the substrate to corrode (causes rapid ennoblism) while

the polymer simultaneously reduces to the electroinactive LE form. It is an intrinsic
redox affect between dissimilar materials. The onset of initial corrosion is primarily
due to the nature of the ES material (i.e. it is acidic, pH < 4) and noble relative to

Thus, as steel is less noble it corrodes more rapidly. After a period of time the ES was
proven to transform to the EB form at which time the corrosion rate significantly
slowed due to the alkaline nature of the EB.
Some apparently contrasting results were obtained where the PANI coatings were used
with PU topcoats. Whereas the EB primers produced low corrosion rates and the ES
primers higher corrosion rates, the transformed ES to EB primers did not show a

reduction in corrosion rate. It is speculated that the PU topcoat limits oxygen diffusi
to the PANI primers and so restrict the ES to EB conversion to only the top part of the
PANI coating layer. As a consequence, the lower part of the PANI layer is maintained
as the ES form continues to accelerate the corrosion of the metal. Further work is
clearly needed to confirm this hypothesis.

Eventually, the corrosion rate again increases upon more extended immersion. By this
time, blisters had cracked and some parts of the coating had flaked off. The rupture of
PANI coatings on steel has been reported previously 60; but the reasons for the film
breakdown are unknown at this time.

In summary, it is concluded that the ES galvanically couples with the PCS to cause
rapid substrate corrosion and transformation of the ES to the leucoemeraldine base. The
polymer is subsequently re-oxidised to the emeraldine base and, from that point on, the
polymer coating provides much improved corrosion protection for a short while. The
improved corrosion protection is due either to the passivation of the metal surface
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(particularly at pinholes) or due to inherently improved corrosion protection provided
by the PANI-EB. Eventually, the polymer film ruptures and corrosion again accelerates.

5.4.3 Emeraldine Base Coatings
The initial period of immersion for the PANI-EB coated PCS showed very little
corrosion so that for the first 3-4 hours of immersion the PANI-EB coating performed
similarly to the epoxy coating. The PANI-EB is likely to be less permeable to water and
ionic species than the PANI-ES and so the PANI-EB will form a more effective barrier
coating on the metal substrate than the PANI-ES. McAndrew and co-workers 13

used

EIS to study the corrosion processes of un-scribed samples of PANI-ES and PANI-EB
coated PCS in 1M NaCl. The pore resistance (PR) of the coatings was determined from
EIS data. The PR of PANI-EB was two orders of magnitude higher than that of mild

steel coated with PANI-ES (in this case containing the counterion ^-toluene sulphonate,
pTS). The low pore resistance of the PANI-ES was attributed to its polyelectrolyte
nature that allows easy ingress of electrolyte into and through the coating.

The corrosion results reported in Figures 5.6 and 5.8 show that the PANI-EB is inferior
to the epoxy in terms of barrier protection. Corrosion is detected after 4-5 hours
immersion for the PANI-EB coated PCS whereas corrosion is not detected until around
24 hours for the epoxy coated PCS. McAndrew et al 13 found that the pore resistance
of PANI-EB coatings was an order of magnitude lower than an epoxy coating, but
comparable with polyurethane coatings.

The improved corrosion protection of EB compared with ES has been ascribed to
differences in the iron oxide layer formed at the metal surface. In 1997, Epstein and
Fahlman 69 have noted that both EB and ES produce a layer of Fe203 on top of a layer

of F e 3 0 4 w h e n in contact with a steel surface. These workers noted that the oxide
formed by contact between PANI-EB and steel was stable with time, while the
thickness of the Fe304 layer increased with time when PANI-ES was in contact with
steel in a salt water environment. These observations suggest that the EB forms a more
effective passivating oxide compared with ES and the improved passivation may
explain the differences in corrosion rate observed between PANI-ES and PANI-EB.

The Pourbaix diagram provides possible reasons for the differences in oxide stability
observed between ES and EB coatings on steel. The oxidizing power of EB and ES are
similar and in the range 0.16 to 0.76 V (vs SCE). The conductivity of EB is several
orders of magnitude lower than ES, which may limit the effective cathode: anode
surface area. The two forms of polyaniline also differ considerably in their pH. EB
produces a locally high pH when moistened, while ES is acidic in nature. The Pourbaix
diagram clearly shows that under these conditions, the EB is likely to produce a
passivating Fe(OH)3 surface oxide, while the ES is most likely shifts the metal to the
active "corrosion" region of the diagram.

The initial period of corrosion protection observed for the EB coated PCS is, therefor

likely to be due to one or both of an improved barrier protection provided by the lesspermeable EB, or due to the stable passivating oxide produced by the alkaline EB.

Unfortunately, the corrosion protection provided by EB does not last indefinitely. Aft

4-5 hours of immersion the corrosion rate rapidly accelerates. Gross coating breakdown
was not observed at this time and the reduction in corrosion rate upon further
immersion suggests a different mechanism.
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It is possible that the acceleration in corrosion is caused by the conversion of the -blue'
P A N I - E B to 'green' PANI-ES after a short period of immersion. Figure 5.10 shows
photographs of P A N I - E B before and after immersion for a few seconds in - 1 M FeCl 2
solution. The E B is rapidly re-doped to the E S form by ferrous ions. It is a pseudoprotonic re-doping mechanism. Similar mechanisms can occur in MgCl 2 , Z n S 0 4 and
Z n ( N 0 3 ) 2 solutions, and in near neutral conditions. Furthermore, the speed of re-doping
of E B to E S occurs rapidly. Refer to Table 3.3. Other authors have found similar trends
125,126 127 128

Figure 5.11 Specimens of P A N I - E B (on paper): a) after immersion in - 1 M FeCl 2
solution ('green') and b) before immersion ('blue')

This process has been observed with many other metal ions 137 and is ascribed to metal
complexation with the imine nitrogen. Although there was no visibly observable colour
change from blue to green for P C S / E B samples, the conversion of E B to E S m a y have
been localized at pinholes or at the metal-polymer interface so that the colour changes
were not evident with the unaided eye.
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During the immersion period from 5 to 10 hours immersion of the E B coated P C S , it is

possible that the EB (at least at localised sites or at the polymer-metal interface) had
been converted to the ES and the metal corrosion rate consequently increased. The
plateau region (10-27 hours) is then due to the reformation of EB by oxidation of the
leucoemeraldine as described above. The hypothesized reactions occurring at pinholes
with EB coatings on steel is illustrated in Figure 5.12.
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Figure 5.12 Schematic diagram showing the electrochemical reactions and associated
colour changes at an active corrosion site for P A N I - E B on steel w h e n immersed in an
aqueous environment.

Clearly, the cycle of reactions can continue indefinitely. In our case, however, the
coating ruptures after extended immersion (~ 27 hours) and gross corrosion ensues. The
reasons for coating rupture are not known, however, the swelling/de-swelling of the

coating that is associated with the conversion of E B to E S and back to E B m a y induce
fatigue-like stresses that could be responsible for cracking and delamination.

5.5 CONCLUSION
The performance of polyaniline coatings (both emeraldine salt and emeraldine base
forms) has been compared with epoxy coatings for corrosion protection of plain carbon
steel in a saline solution. The comparisons have been made both by visual inspection

and by quantitative analysis of the amount of dissolved iron in the test solution during
the immersion period.

The test results show that for immersions up to 30 hours, the polyaniline coatings were
inferior to the epoxy coating (of similar thickness). However, the mechanisms of
protection were clearly different and the emeraldine base form of polyaniline provided
excellent corrosion protection probably due to the stable oxide layer formation on the
steel surface. This stable oxide is likely due to the high local alkalinity produced by
EB, while the acidity produced by the ES actually causes an acceleration of the steel
corrosion rate. It was observed that the ES and EB are inter-converted during the
immersion testing, with reduction of ES to LE followed by re-oxidation of the LE to
EB. Also, the EB can be converted to ES by locally high concentrations of dissolved

iron. These inter-conversions can explain the fluctuations observed in the corrosion rat
of PANI-coated steel: a very low rate of corrosion occurs when the PANI is in the EB
form and corrosion acceleration occurs when the PANI is in the ES form.

CHAPTER VI
6.0 COMPARISON OF POLYANILINE
PRIMERS PREPARED WITH DIFFERENT
DOPANTS FOR CORROSION PROTECTION OF
STEEL

6.1 INTRODUCTION
Polyaniline (PANI) has been extensively investigated for its ability to protect
engineering metals against aqueous corrosion 95? H4. At least three different
configurations have been reported: polyaniline coatings alone; polyaniline coatings as a
primer with a conventional polymer topcoat and polyaniline blended with a
conventional polymer coating. Comparisons of the performance of these three systems
have shown that the primer/topcoat approach gives the most effective corrosion
protection 133. A number of studies have shown that the polyaniline primer/topcoat
combination is superior to topcoat-only and even superior to primer/topcoat systems
using primers employing conventional corrosion inhibitors (such as zinc) 42.

The performance of PANI/topcoat systems has been shown to be dependent upon the
properties of the topcoat. Schauer et al
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have compared epoxy topcoats of differing

water permeabilities in combination with a polyaniline primer. In this study,

electrochemical impedance spectroscopy (EIS) was used to determine the polarisation
resistance (Rp) of the coated metal. It was found that the Rp decreased with immersion
time for all systems tested. However, epoxy coatings with the highest water
permeability showed the lowest initial Rp and the fastest rate of decrease in Rp with
immersion time.

Very little work has been done on the effect of the dopant anion incorporated into the
PANI (emeraldine salt) on the corrosion protection provided by the polymer. Kinlen
and co-workers 25 found that phosphonate type dopants were superior to sulfonic acid
dopants when used with PANI primers and epoxy topcoats. Dominis et al 135 showed
that PANI coatings without topcoats performed differently when different dopants were
used in atmospheric corrosion testing.

Consideration of the proposed mechanisms of corrosion protection by conducting
polymers shows why the nature of the topcoat and the type of dopant used with the
PANI will affect the corrosion performance. There is a general consensus that the
conducting polymer coating affects the nature of the oxide layer forming at the

polymer/metal interface and at exposed defects, such as pinholes. It is proposed that th

polymer shifts the corrosion potential (ECOrr) of the metal to the passive region so that

protective oxide layers form (Scheme I), after Kinlen et al 24. There is also support for
a shift in the location of the cathodic reactions due to the conductive nature of the
polymer coating. Thus, the reduction of oxygen to hydroxide (Scheme H) shifts from
the metal surface to the polymer/electrolyte interface and probably involves the re-

oxidation of the conducting polymer (Scheme III). This shift means that there is less of
an increase in pH at the polymer/metal interface, which is implicated in the cathodic
disbondment process.

Scheme I

M

n

+-PANi - ESm+ + ^H20^
m
n

-M(OH)[-^
y
n

+^PANi
m

- LE° + ^ _ T
n

Scheme II
m
m
—02 + — H20 + me~ -» mOH'
4 2 2 2
Scheme III
—02 +—H20
4 2 2 2

+ PANi-LE°

-* PANi-EBm+

+ mOH'

The effectiveness of both proposed mechanisms will depend upon the properties of the
topcoat and of the conducting polymer primer. The permeability of the topcoat

determine the rate of ingress/egress of ions, water and oxygen to and from the

and metal, affecting the kinetics of the reactions shown in Schemes I-III. The

therefore, not only adds barrier protection, but the topcoat also modifies the

environment by limiting the flow of ions, water and oxygen into and out of the
region.

The conductivity of the polymer will be important in determining the cathode t

surface area (for example, around pinhole defects) and, therefore, the ability

polymer to "ennoble" the metal (shifting Ecorr to the passive region). The cond
also implicated in the extent of the shift of the cathodic reaction away from

surface: the less conductive the polymer coating, the more difficult is electr
through the polymer to the electrolyte.

The type of dopant used with the P A N I will also affect these processes. The nature of

the dopant used has a large bearing on the conductivity of the polymer 139. The dopant
can also affect the local chemical environment, since it may be released from the
polymer during the corrosion reactions (Scheme I). The chemical environment will be

very important to the type and stability of oxide layers formed. In fact, previous wor

has suggested that the local pH is important with the alkaline nature of the emeraldin
base form of polyaniline being more favourable to forming passive layers on steel
compared with the acidic nature of the emeraldine salt 137.

In summary, it is noted that the corrosion protection of PANI is enhanced when the
PANI is used as a primer layer beneath a conventional barrier polymer as topcoat.
However, the mechanisms of corrosion protection are complex and understanding these
mechanisms is complicated by the many factors that are likely to influence the

processes occurring. In the present study just one of these factors was investigated.
aim was to determine whether the type of the dopant anion used in the PANI-ES
affected the corrosion rate of steel coated with a PANI primer and a barrier topcoat.
secondary aim was to compare the emeraldine salt form of PANI with the emeraldine
base when used as primers in steel/primer/topcoat systems.

6.2 EXPERIMENTAL
The polyaniline used was commercially obtained from Monsanto (PANDA) as the
emeraldine salt form doped with dinonylnapthalene sulfonic acid (DNNSA-I, shown
below).

The P A N I - E S ( D N N S A ) was received as a liquid concentrate comprised of - 47(wt)%
PANI-ES(DNNSA) solids, - 30(wt)% butyl cellosolve and - 20(wt)% xylene solvent.
The 'as-received' concentrate was diluted with AR grade xylene to 5% (w/w) and the
casting carried out by "air-brush" spraying onto heated cold rolled A06 grade plain
carbon steel (PCS). A hand held "air-brush" spraying system operated at 400 kPa (60
psi) nitrogen pressure was used. The PANI-ES(DNNSA) coating was then dried in an
air oven at 80°C for 24 hours.

De-protonation solutions were prepared using double distilled water and AR grade
methanol (Univar). Sodium hydroxide (BDH) (1.0 M dissolved in 50:50
water/methanol) was used to de-protonate the PANI-ES(DNNSA) films. The PCS
coated with PANI-ES(DNNSA) was immersed in the deprotonation solution for 15-20
minutes. The speed of conversion was rapid. However, when left in the methanolic
solution for extended period of time (>30 minutes, depending on the polymeric
thickness) it turned to a 'bronze brown' colour, which strongly indicates that some
unknown effect occurred. Relative to aqueous EB(aq), methanolic EB(meth/_ik) produced a
similar polymer (when observed visually). However, under visual microscopy, the
EB(meth/aik) surface area appeared relatively smoother.

Previous UV-visible spectroscopy studies on films of similar thickness cast onto glass
showed that this immersion procedure fully converted the ES to EB I40. The EB was
transformed back to the emeraldine salt by immersion in various acid solutions. This

de-protonation/re-protonation procedure was effective in exchanging the D N N S A
dopant for other anions I40. The re-protonation acids were hydrochloric acid (HC1),
tartaric acid (TA), oxalic acid (OA), dodecylbenzene sulfonic acid (DDBSA),
polymethoxyaniline sulfonic acid (PMAS) and nitrilotri(methyl phosphoric acid)
(NTPA).

A number of epoxy systems were considered for the suitability as topcoats. An amine
cured epoxy (Scotch-Weld DP-460®, 3M) was found to be the most compatible topcoat
as it did not physically effect the PANI-primer i.e. the ES did not contract, crinkle
crack during topcoat curing. All other epoxies were eliminated due to detrimental
factors, as they caused ES swelling and/or possessed poor wettability (beading)

characteristics on PANI coatings. It is important to note that DP-460® appeared to hav
de-protonated the 'green' ES's to 'pale blue' EB, probably due to the basic amine

hardener. All specimens had a topcoat of - 3.5 urn in thickness that was applied by the
'draw-down-bar' method (# 0008).

To avoid the de-protonation of the ES to EB, polyurethane (PU) topcoats were also
used. For this purpose Crodacoat 849® airpack spray coatings from Ameron were used.
The PU topcoat thickness was estimated to be 10 pm.

Full immersion (Fl) testing of the corrosion protection behaviour of the various

polyaniline coatings on plain carbon steel (PCS) was carried out in IL stagnant-aerat
solution of 3.5% NaCl (pH 5-6) at ambient laboratory conditions. Solution agitation
was carried out at moderate speed. (Figure 6.1).

Figure 6.1 Full immersion test in stagnant-aerated 3.5% NaCl. Post testing (above), the
specimens were further examined.

The test solution was periodically sampled (e.g. daily) and the sample content preserv
(i.e. 2 m L HClconc/50 m L test solution) for subsequent elemental analysis using
inductively coupled plasma and/or colorimetric 'Phenanthroline Method'

H3.

Immersion testing was conducted on five (5) replicate samples of each coating type to
ensure reproducibility of results.

6.3 RESULTS
6.3.1

Epoxy Topcoated Systems

Initial investigation of PCS/PANI/Topcoat systems simply involved visual examination
of specimens during full immersion in 3.5% NaCl (pH 5-6), for up to 3 years in some
cases. The observation provided a qualitative assessment of the corrosion resistance
provided by the coatings. PANI-ES prepared with a number of dopant anions were
considered in this long-term study.

6.3.1.1 Epoxy Coated PCS
The epoxy coated steel, without PANI-primer, showed classical barrier protection
behaviour and was removed from the test solution at Day 10 with gross blister
formation and heavy corrosion was evident.
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6.3.1.2

PANI-ES/Epoxy Coated P C S

The PANI-ES(DNNSA) primed PCS with an epoxy topcoat generally showed improved
corrosion protection even though the PANI-ES(DNNSA) had appeared to be converted
to the PANI-EB form by the epoxy. This phenomenon occurred using DP-460® epoxy

application i.e. immediately on topcoat application, the 'green' ES' coating changed to
an enduring 'pale blue' EB.

Visual observations of the PANI-ES/Epoxy coated PCS showed the formation of a
number of corrosion sites during the initial immersion period. Unlike the epoxy-only
coatings, these corrosion sites were stabilised by some mechanism and did not grow
into large blisters i.e. the corrosion creep was subdued. Distinct colour changes were

noted at each corrosion site. Typically a localised corrosion spot of- 0.25 mm diameter

was 'dark-black' in colour (possibly Fe304), instead of a conventional 'red-rust' colour
(Fe203), and then retained its form over time. The 'pale blue' polymer surrounding the
localised anodic corrosion site re-transformed back to the 'green' PANI-ES form, which
indicates that the modified PANI automatically re-dopes itself around (and over) the

localised anodic/corroding areas of the substrate. This re-doping is likely caused by a
locally high concentration of metal ions surrounding the corrosion site. Doping of the
emeraldine base to emeraldine salt by metal ions (including Fen/Fera 137,140

has

been

reported previously 141,127 125,126 ^d is known as "pseudo-protonic" doping.

Upon longer immersion (up to 3 years), the coating systems developed large blisters of

several millimeters in diameter. At this point the coatings were deemed to have failed.
An example of the heavily blistered sample is shown in Figure 6.2.

Figure 6.2 Photograph of PANI-ES/Epoxy coated P C S after 3 years immersion in
aerated-stagnant 3.5% NaCl (pH 6.5). The dopant was N T P A .

Clear differences were observed between the PANI-ES primers prepared with different
dopants in terms of the time before gross blistering was evident. The estimated order of
longevity (based on the number and size of rust spots, blisters and visual assessment of
specimen, and the electrolyte) was: PANI-ES(NTPA) - 2 years > P A N I - E S ( P M A S ) 1-2
year > P A N I - E S ( D N N S A ) 1-2 year > PANI-ES(OA) - 1 year > P A N I - E S ( D B S A ) 3-6
months.

Although the development of large blisters was considered as coating failure, there w
actually little evidence of substrate corrosion associated with the blisters. Removal of
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the coating after extended immersion (3 years) showed a shiny steel surface across large
areas of the specimen surface. Figure 6.3.

Figure 6.3 Photograph of the same sample as in Figure 2, however, with the P A N I
coating removed.

A dark gray/black oxide was observed on the surface beneath the large blisters. Unlike

the epoxy-only system, there were no red/brown corrosion products in the test solution
even after extended immersion for the polyaniline primer/epoxy topcoated steels.
Figure 6.4 shows a cross-section of the same specimen.

171

Figure 6.4 Cross-section of the specimen as in Figures 6.2 and 6.3. The iron oxide
layer was dark black in colour.

Figure 6.4 illustrates oxide formation within the blister that was stabilised and
maintained (over 3 years) by an appropriate topcoated-PANI system. O n the detrimental
side, the topcoated-PANI adherence to steel appeared weak as the coating gradually
disbonded during oxide layer formation. If the topcoated-PANI-steel bond can be
improved it m a y be possible to limit the voluminous growth of the oxide layer and
acquire the same benefits of inhibition. This is another scope for future investigation.
Overall, the protected surface areas of the specimen far outweighed the corroded parts.

6.3.2 Polyurethane Topcoated Systems
Polyurethane (PU) topcoated systems were used to further investigate the effect of the
dopant on the corrosion rate of P C S coated with a PANI-ES primer. Polyurethane was
considered, as it did not appear to modify the 'green' E S and transform it to a 'pale
blue' polymer as it occurred with the epoxy topcoat. The full immersion test, where iron
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dissolution rate w a s monitored, w a s carried out in two batches (Table 6.1), under
similar conditions and according to standard tests 1° 6 .

Table 6.1. Full immersion test specimens
No.

BATCH 1

No.

BATCH 2

1

PCS/PU

7

PCS/PANl-EB(meth/alk/PU

2

PCS/PANI-ES(DNNSA)®/PU

8

PCS/PANI-ES(NTPA)/PU

3

PCS/PANI-ES(HC1)/PU

9

PCS/PU

4

PCS/PANI-ES(TA)/PU

5

PCS/PANI-ES(DBSA)/PU

6

PCS/PANI-ES(PMAS)

Results for the test samples are reported as a percentage of the corrosion rate of the
P C S / P U system and are given in Figure 6.5.

Immersion Time (days)

Figure 6.5 Total-Fe analysis of P U topcoated PCS/PANI-ES's in 3.5% NaCl expressed
as a relative corrosion rate. The P U topcoated PCS/PANI-EB is included for
comparison.
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Where: 1 = PCS/PU, 2 = PCS/PANI-ES(DNNSA)/PU, 3 = PCS/PANI-ES(HC1)/PU, 4 = PCS/PANIES(TA)/PU, 5 = PCS/PANI-ES(DBSA)/PU, 6= PCS/PANI-ES(PMASA)/PU, 7 = PCS/PANIEB(meth/alk/PU, 8 = PCS/PANI-ES(NTPA)/PU & 9 = PCS/PU

The two PCS/PU samples (1 and 9) show similar relative corrosion rates, indicating that
the normalisation procedure is appropriate for comparing results between the two
batches of tests.

6.3.2.1 Polyurethane Topcoated PCS
The P C S / P U samples initially started to corrode in localised areas during the second
day of full immersion exposure. N o blistering was observed, only minute localised rust
spots at what appeared to be 'solvent pores', indicating that the sprayed P U topcoat was
porous. The localised rust spots appeared "rust-red" (Fe 2 0 3 ) in colour. With prolonged
exposure the topcoat deteriorated further with an increased number of localised rust
spots evident. The corrosion rate steadily increased with immersion time.

6.3.2.2 PCS/PANI-ES/PU Systems
P C S coated with PANI-ES and a P U topcoat showed distinctly different behaviour to
the PU-only system. Figure 6.5 shows that very significant differences in corrosion rate
were observed for different dopants and that all PANI-ES systems showed lower
corrosion rates relative to the PU-only coated P C S . In general, P A N I - E S ( P M A S ) gave
the lowest corrosion rate. The P A N I - E S ( D B S A ) performed the worst as data showed
that it was only slightly better than the PCS/PU-only sample, while the Cl, D N N S A ,
and TA-doped PANI-ES's were intermediate performers.

All P A N I - E S / P U coated systems showed the same colour changes during immersion.

The initial 'olive green' progressively changed to 'pale green', then to 'yellow', to

blue' and finally to the 'dark blue' EB. The colour changes were highly localised in t
initial stages of immersion. Defects in the topcoat allow the ingress of water, ions
oxygen to the metal surface, which contributed to the initiation of metal corrosion.
colour changes observed in the PANI coating indicate that galvanic coupling occurred
between the metal and the polymer. On extended immersion the entire 'green' ES
coating surface had been transformed to 'blue' EB.

The speed of colour change from 'green' to 'blue' varied depending upon the dopant
used in the PANI-ES matrix and which appeared to correlate with the corrosion rate.
The following order was noted from visual observations (i.e. fastest corrosion to
slowest corrosion): ES(DBSA) > ES(DNNSA) > ES(TA) - ES(C1) > ES(PMAS). Thus,
the PANI coatings that transformed the fastest from the emeraldine salt to the

emeraldine base showed the higher corrosion rates. Or, the coatings that preserved th
ES forms demonstrated the lowest corrosion rates.

6.3.2.3 PCS/PANI-EB/PU
According to the results given in Figure 6.5, PCS/PANI-EB/PU showed the lowest rate
of corrosion throughout the 11-day immersion period. There was no detectable
corrosion until Day 9 and a slight increase in corrosion was measured on Days 10 and
11. No colour changes were observed for the emeraldine base: i.e. the 'dark blue'
colour was maintained for the full 11 days of immersion. After Day 9, the topcoat
deteriorated slightly with observable small cracks. These physical defects led to the
increase in corrosion rate after Day 9.

Ihe E B acted as an effective corrosion resistant primer mainly due to its 'residual
alkalinity'. According to Pourbaix diagram for iron in water, PANI-EB is likely to
promote the formation of passive Fe(OH)3 because it maintains a pH > 9 at the metal
interface between the potentials of +0.16 V and +0.78 V (vs SCE). On the other

extreme, the ES exists in a completely different environment (i.e. in a 'corrosive zone',
pH < 4) from where it is difficult to passive oxides (Figure 6.6).

When the ES is not topcoated, and immersed in an aggressive aqueous solution, the

initial galvanic effect causes the substrate to corrode (causes rapid ennoblism) while t
polymer simultaneously reduces to the electroinactive LE form. It is an intrinsic redox
affect between dissimilar materials. The onset of initial corrosion is primarily due to
nature of the ES material (i.e. it is acidic, pH < 4) and noble relative to steel. Thus,

steel is less noble it corrodes more rapidly. After a period of time the ES was proven to
transform to the EB form at which time the corrosion rate significantly slowed due to
the alkaline nature of the EB.

Some apparently contrasting results were obtained where the PANI coatings were used
with the PU topcoats. Whereas the EB primers produced low corrosion rates and the ES
primers higher corrosion rates, the transformed ES to EB primers did not show a

reduction in corrosion rate. It is speculated that the PU topcoat limits oxygen diffusion
to the PANI primers and so restrict the ES to EB conversion to only the top part of the
PANI coating layer. As a consequence, the lower part of the PANI layer is maintained
as the ES form continues to accelerate the corrosion of the metal. Further work is
clearly needed to confirm this hypothesis.
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6.4 DISCUSSION
The results from this study clearly show that the combination of polyaniline primers

with a suitable barrier topcoat provides superior corrosion protection to steel in a sal
environment compared with the topcoat only. Differences in corrosion rate were
observed between the different forms of polyaniline. The emeraldine base was superior
to the emeraldine salt, while different dopants incorporated into the ES also had a

significant effect on the corrosion rate. Finally, differences were also noted between t
two topcoats studied with the epoxy topcoat providing substantially longer-term
protection in combination with a PANI primer compared with the polyurethane/PANI
systems.

The reasons for the different corrosion protection provided by the different topcoats is
complicated by the reaction that occurred between the epoxy and the PANI-ES. A
colour change from 'green' to 'blue' was observed when the epoxy was applied to the
PANI-ES primers and it was thought that the ES had been converted to EB. It is
possible that the basic nature of the amine hardeners used to crosslink the epoxy may
de-protonate the ES, converting it to the EB. There was no evidence of such reactions
occurring with polyurethane topcoats. Since the exact nature of the apparent deprotonation reaction occurring with epoxy topcoats is not known, the direct comparison

of the performance of the two different topcoats is not possible. Visual observations of
the coatings, however, indicated that the polyurethane was much more porous than the
epoxy due to a large number of pinhole defects. The porous nature of the polyurethane

topcoat would at least partially explain the poorer corrosion protection provided by the
polyurethane systems compared with the epoxy topcoated systems.

The superior performance of E B primers compared with E S primers (with P U topcoats)
agrees with previous reports. In all cases where direct comparisons have been made on
the corrosion rate of ES compared with EB, the emeraldine base has been shown to
provide superior corrosion protection 13 27,45 Previously it was reported that the
effectiveness of the emeraldine base may be associated with its "residual alkalinity",
since moist, pulverised PANI-EB has a pH in excess of 10 (compared with a pH of 4-5
for PANI-ES). The stability of PANI-EB at high pH stabilises the polymer against
cathodic disbondment. The high pH also makes the steel surface more readily
passivated, as shown by the Pourbaix diagram for iron (in water, Figure 6.6).

Also according to Pourbaix diagram for iron in water, PANI-EB retards the
transformation to the PANI-ES state as it exists in the 'passivation region', at pH > 4
between the potentials of+0.16 V and +0.78 V (vs SCE). It is a region where Fe(OH)3

formation and stabilisation occurs (Figure 6.6). On the other extreme, the ES exists in
completely different environment (i.e. in a 'corrosive zone', pH < 4) from where it is
difficult to pass into the 'passive region' (Figure 6.6).
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Figure 6.6

Pourbaix Diagram for steel in water. The stable regions for PANI-ES

and E B are superimposed on the stable regions for iron. Dashed lines (a) and (b)
represent the reduction potential for oxygen (in water) and hydrogen ions, respectively.

Analysis of a small amount of electrolyte extracted from beneath a large blister of th
sample shown in Figure 6.1 revealed a p H of 10-11, while the bulk electrolyte p H was
maintained at between 5-6.

The differences in corrosion rate induced by different dopants used with the ES appear
to correlate with the extent of galvanic activity between E S and the P C S . The galvanic
electroactivity causes reduction of the polymer 137 70 15 m^

can

be estimated by the

colour change from 'green' to 'yellow'. The time for these polymeric colour changes to
occur were observed to decrease in the following order: E S ( D B S A ) > E S ( D N N S A ) >
E S ( T A ) - ES(C1) > E S ( P M A S ) . This is roughly the same order as noted for the
corrosion rate, suggesting that the corrosion rate is influence by the galvanic reactions
occurring.

It was previously shown that ES specimens, PANI-ES(HCl) and PANI(ES(TA) were best
performers in the galvanic coupling tests (Figure 4.18) but were mediocre primers in
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the topcoat/primer test (Figure 6.5). These discrepancies highlight the complexity of the
corrosion protection mechanism

providing by PANI

coatings. Full details of the

mechanism remain unknown, however, a clear difference between the system described
in Figure 4.18 and Figure 6.5 is the intimate contact between polymer and metal on the
latter (compared with the 'separated' polymer and metal system used in Chapter IV.
The direct coating ofES onto PCS obviously produced different corrosion results as the
galvanic throwing power, gaseous and water diffusion through the coatings became
different. The type of dopant used further affected diffusion rates. In comparison, free
ion and oxygen diffusion to and from the metal was possible in the 'separated'
experiment. Thus, due to subtle but varied experimental conditions different corrosion
results were generatedfor different ES coatings.

Figure 6.7 shows mixed-potential diagrams often used to distinguish between
passivating and non-passivating metals and to show the differences between anodic and
cathodic protection of metals.
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Mixed-potential diagrams showing the difference between galvanic

coupling a passivating metal (a) and a non-passivating metal (b) to a more noble
material.
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[Line 1 represents metal oxidation; and line 2 the usual reduction reaction (e.g. 02 +
2H20 + 4e -> 40H in aqueous corrosion); line 3 is the new reduction reaction
introduced when the metal is galvanically coupled to the more noble material (e.g.
PANI-ES + ne -> PANI-LE); line 4 is the total reduction reaction (sum of lines 2 and
3). Galvanic coupling shifts the equilibrium point from A to B in both cases causing an
increase in corrosion potential ("ennoblism"). The corrosion current decreases in the

case of the passivating metal, but the corrosion current increases in the case of the no
passivating metal]

Anodic protection occurs due to ennoblism of a passivating metal, where an increase in
the corrosion potential occurs when the metal is coupled to a more noble material. The

corrosion potential is shifted into the passive region and the corrosion current (corro
rate) decreases. For non-passivating metals, an increase in the corrosion potential
causes an increase in corrosion current (cathodic protection involves coupling with a
less noble material, such as zinc).

The results of the present study indicate that coupling with PANI-ES does not passivate

the steel under the test conditions used in this study. Instead the steel behaves like a
non-passivating metal with faster reduction of the polymer (indicated by rapid
transformation from 'green' to 'yellow') corresponding with a higher oxidation rate of
the steel. The Pourbaix diagram shows that passivating the steel is difficult at the pH
level produced by PANI-ES (pH 4-5 for pulverised, moist ES).

It was noted that all the PANI-ES/PU coated PCS samples showed a colour change

from 'olive green' to 'pale green' to 'yellow' to 'pale blue' and finally to 'dark blue'

The latter indicates that the polyaniline is finally transformed to the emeraldine base.

described above, the P A N I - E B provides excellent corrosion protection, possibly due to
its alkaline nature.

The transformed PANI-ES samples, however, do not show a reduction in corrosion rate
after the PANI-ES had transformed to the PANI-EB. In these cases it is possible that the

higher local ferrous/ferric ion concentration maintains the polyaniline in the emeraldine
salt form near the metal surface, while the polyaniline surface is maintained in the
emeraldine base form due to the locally higher oxygen concentration.

6.5 CONCLUSIONS
The results of this study provide further evidence that the use of polyaniline primers
provides increased corrosion protection to steel when used with conventional, barrier
topcoats. The emeraldine base form of polyaniline provided the best performance, while
the corrosion protection provided by emeraldine salt primers was strongly influenced by
the type of dopant used.

The corrosion protection mechanisms for polyaniline coatings on steel are very
complex. It has been shown that the form of the PANI primer affects the rate of
corrosion, as does the type of topcoat used. A number of factors have been identified as
being involved, including local pH and galvanic activity. However, the exact effect(s)
of these processes are still to be fully elucidated.
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CHAPTER VII

CONCLUSIONS AND RECOMMENDATIONS

7.0 GENERAL CONCLUSION
Anodic protection of steel by conductive PANI-ES coatings has the promise to decrease
the corrosion rate, especially in extremely corrosive environments. It is similar to
conventional anodic protection of austenitic stainless steel in concentrated sulphuric
acids that contain chlorides where stainless steel is 'passivated' by the formation of
stable oxides such as Cr203 and Ni02. Once anodic 'passivity' is achieved a certain

degree of the substrate is oxidised (corroded) or sacrificed, however, for the better, as
stable protective oxide barrier forms on the metal interface.

As with conventional anodic protection, an appropriate inherently conductive polymer

that is applied to steel(s) can emulate a similar mechanism but without the use of stron
oxidants (e.g. acids) and without the use of an external applied current. For example,
PANI-ES is an anodic material that causes high potential shifts (positive ennoblism),
which then presses the PANI coated steel into an idyllic 'passive region'. In addition,
the conductive polymer PANI-ES can produce extremely low currents to acquire the
effect.

The advantage of using inherently conductive polymer technology instead of anodic
protection lies in its simplicity. For example, the liquid form of ES can be applied to
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pretreated (cleaned) steel substrates simply by spraying, dipping, painting, rolling.
smearing and vapour deposition methods. If the applied polymer attains good adhesion,
it only needs to be dried (to a degree) and suitably topcoated for protection. The PANIprimer application can be done to large structural objects. In comparison, the anodic
protection technique requires the substrate material, which can be quite large, to be
dipped into an electrolytic bath and electrochemically processed, a technique that can
be complex and costly.

Steel 'passivity' can also be achieved by the use of strong chemical oxidants in order to
control the redox potential of the system. For example, plain carbon steel in fuming
HN03. However, this technique is limited even by small impurities in the acid bath as
they retard the formation of passive films or accelerate its break up. Furthermore,
temperature fluctuation of the acid bath can have detrimental effects. For example,
increase in temperature makes 'passivation' problematic, reduces the passivation

potential range and increases the current density (corrosion rate) whilst trying to attain
'passivity'. The equipment required for anodic protection can also be complex and
costly. Furthermore, the system requires operators with considerable skills. Both
chemical and electrochemical techniques are not practical for large objects.

Other advantages of using PANI-ES for anodic protection are associated with the raw
material, aniline. Aniline is an inexpensive organic monomer that can be both
chemically and electrochemically oxidised to polyaniline, and the dopant acquired can
be sourced from many organic and inorganic chemicals. Once the ES(SOiid) is formed it
can then be dissolved in appropriate solvents, pulverised and dispersed in various
matrixes, and blended. The polymer synthesis and material reprocessing is simple.

Even though doped P A N I - E S has the potential to inhibit steel corrosion, there are

limitations associated with polymer coatings as a quantity of exposed metal surface are
can be produced during casting, which is detrimental. As with most conventional
coating applications, it is virtually impossible to cast a totally impervious coating.
Previous work by Lu and Elsenbaumer has suggested that PANI primers are capable of
passivating pinholes 27,45-48 Qur work inclines to show that this may be the case
when PANI is in the EB form but not when it is in the ES form. The ES pinholes affect
the galvanic corrosion process while the EB affects the 'passivation' process.

With the galvanic process, surface conditions (e.g. pinholes or solvent pores), relative
geometry of the two metals, as well as chemical composition and environmental
conditions can alter the corrosion behaviour of steel 10°. Even in conductive saline

solutions such as 3.5% NaCl it is difficult for the galvanic current to pass into surfac
pinholes and crevices 1^6 Furthermore, there may have been microscopic gases
entrapped within the pinholes and so the surface specimen may not have been 'wetted'
thoroughly. These parameters subsequently have an effect on the galvanic corrosion
current. Furthermore, the ES exists in the 'corrosive region' (Refer to Pourbaix
diagrams, Figure 5.10 and 6.6) and thus makes the exposed steel (in the pores)
extremely venerable to oxidising conditions, especially when rapid ingress of oxygen
and chlorides attack the metal. This was generally the case with our non-topcoated
ES//PCS specimens under full immersion in saline solution.

The EB coating affects the 'passivation' process (even with pinholes), however only
under extreme environmental changes. As the EB exists in the 'passive region' (Refer
to Pourbaix diagrams, Figure 5.10 and 6.6) between pH 4-14, it is the area of Fe(OH)3
formation and stabilisation. If the pinholes do exist in the polymer, the Fe(OH)3
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formation does not fragment readily due to the wide alkalinity range. For the iron
oxides to disintegrate at the interface between the steel-polymer, drastic environmental
conditions need to apply to the coupled materials. With our work, the longevity of EB
under saline conditions was initially encouraging.

Equally, as our polymer casting was predominantly carried out by the 'air-spraying'
technique it was bound to have produced a certain amount of minute physical flaws and
imperfections e.g. solvent pores and polymeric craters on impact with the substrate,
which may have not effectively covered the metal surface (Figure 5.2). Thus, most of
our PANI-ES coated specimens were, to a certain degree, physically defective.

The aim of using PANI-ES primer (or coating) on plain carbon steel was to passivate

the entire substrate surface i.e. to oxidise the metal surface in order to form favourable
metal-PANI oxides. However, due to minute physical coating defects that task was not
achieved. As the ES failed to passivate the exposed metal surface area(s), the electronic
ennoblism between the two materials also became ineffective. Thus, exposed localised
areas on steel turned out to be less anodic relative to the passivated areas (more noble)
and became the sites of initial corrosion.

Once initial corrosion sets in, in an aqueous solution, within the localized site, the area
can become prone to microbial activity in particular to "Gallionella ferruginea" 142 as

nutrients for its survival become available i.e. from the corrosion of steel and electroly
components. With time, the exposed anodic sites can form corrosive biofilms that
further accelerate metallic corrosion. With the galvanic corrosion tests it was highly
unlikely that this biological activity took place as the test samples did not become
'slimy nor produced pungent odours'.

Since the anode to cathode surface area ratio is small, it is the worst kind of corrosion to
occur as pitting and crevice corrosion develops. In order to eliminate the problem of
metal exposure, an improved method of polymer application must be found e.g.
chemical vapour deposition (CVD), which was subsequently investigated. However,
due to limited amount of time the work was not completed (refer to Glossary of Terms,
Figure Gl, pp vii).

The contention whether EB is a better inhibitor of steel relative to ES was under

consideration. In our case, the EB was better but only when it was not topcoated, and i
longevity was limited for a period of time under full immersion i.e. up to polymer
deterioration. Under the same conditions, PANI-ES accelerated steel corrosion.

On the other hand, when a suitable topcoat was applied to PANI-EB and PANI-ES the
reverse happened. The aggressive topcoated PANI-ES while it remained in its doped
'green' state outperformed topcoated PANI-EB. The season may be that it aids
ennoblism, partial substrate corrosion occurs, followed by passive layer formation
between the materials, which is then stabilised and maintained by the topcoat. The
topcoated PANI-EB may have undergone a slow pseudo-redoping mechanism, which
was not as efficient as the former polymer.

7.1 CHAPTER III

In Chapter III it was absolutely vital to establish how to efficiently de-protonate or
dope PANI-ES(DNNSA) to the EB form as different dopants (anions) could be more

favourable as corrosion inhibitors. For corrosion inhibition of steel, certain organic
inorganic anions can be more suited relative to the DNNSA" dopant. The development

of a methanolic-alkali solution solved the problem of counterion exchange. Simply, the
ES(DNNSA) is dipped into the methanolic-alkali solution for a period of time until it
transforms from the 'olive green' to a 'dark blue' colour. The efficiently of deprotonation/de-doping is highly depended on the polymeric thickness, dryness, blend
components, temperature, concentration and agitation of the bath solution. Techniques
such as EDS, XPS, FTIR and UV-VIS confirmed the de-protonation/de-doping
efficiency. The 'dark blue' coloured EB can be re-protonated/re-doped using
appropriate aqueous acids (pH < 4) with the desired counterion.

7.1.1 Recommendation for future work:
It is absolutely crucial to optimise the de-protonation/de-doping procedure of ES's
before any re-protonation/re-doping is tackled. The main parameters that need to be
investigated in this area are: de-protonation/de-doping and re-protonation/re-doping
periods by various chemical means and their efficiencies. An attempt should also be
made using electrochemical means to carry out the same functions. There are many
organic and inorganic dopants that need to be explored and considered for the purpose
of re-protonation/re-doping and corrosion inhibition. The efficiency of these chemical
procedures also needs to be monitored using techniques such as XPS, FTIR or UV-VIS.

The 'air spraying' and 'draw-down-bar' techniques were found to be imperfect as the
final polymer coating varied in thickness (especially around sample edges), produced
undesirable solvent pores and reproducibility was difficult to achieve. As far as dedoping efficiency is concerned, if the polymeric specimen contained imperfections
(thickness or porosity variations), the polymeric transformation process will also be
inconsistent. Thus, it is recommended that the 'vapour deposition' technique of
applying ICP polymers be investigated as preliminary work showed promise.
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7.2 CHAPTER IV
Chapter IV was dedicated to the study of galvanic corrosion of dissimilar materials,

plain carbon steel coupled to PANI coatings, in saline solution. Monitoring of current
density versus time and corrosion potential versus time gave inconclusive results.
However, measurement of the amount of dissolved iron as a function of immersion time

showed that the galvanic coupling of PANI-ES to steel accelerated the corrosion rate o
the steel compared to the uncoupled metal.

In contrast, coupling steel to PANI-EB showed no effect on the corrosion rate for the
first 24 hours of immersion after which there was an increase in corrosion rate. The
change in corrosion rate may be due to the transformation from the emeraldine salt to
the emeraldine base due to "pseudo-protonic" doping by the dissolved iron ions. In

general, this study showed that EB's and ES's do have a galvanic effect with PCS. This
was further established by UV-VIS and UV-VIS-NIR study.

7.2.2 Recommendation for future work:
PANI and PCS when galvanically coupled need to be further investigated especially
between adverse anodic/cathodic area ratios (to represent small pinholes in coated

systems) and different electrolyte solutions (to more accurately simulate the chemical
environment at pinholes and under paint coatings).

During the course of our study, we have neglected to consider some subtle but
important experimental parameters when working with the polymers, which made
subsequent corrosion rate result difficult to correlate. In order to overcome this

problem, it is crucial to standardise all polymeric physical parameters prior to testi

such as electrode surface area, thickness, mass, type of substrate and pretreatment,
electrode connections, and the quality of adhesion to substrate. In our case we
considered the polymeric surface area, however, neglected its thickness and carrier
substrate (e.g. plastic, glass, ITO-glass, gold foil).

7.3 CHAPTER V
The performance of polyaniline coatings has been compared with epoxy coatings for
corrosion protection of plain carbon steel in a saline solution. The comparisons have
been made both by visual inspection and by quantitative analysis of the amount of
dissolved iron in the test solution during the immersion period. Test results show that
for immersions up to 30 hours, the polyaniline coatings were inferior to the epoxy
coating of similar thickness. However, there were clear differences between the nontopcoated PANI-EB and PANI-ES systems. The better corrosion inhibition of the EB is
probably due to the stable oxide layer formation on the steel surface that formed as a

result of high local alkalinity within the matrix. On the other hand, the ES is acidic an
causes an acceleration of the steel corrosion rate since the increase in corrosion
potential shifts the substrate into the active corrosion region.

7.3.1 Recommendation for future work
It is highly recommended to develop novel PANI-EB materials from different organic
alkaline solutions, consider a range of inhibitor dopants for PANI re-protonation and to
investigate the final ES property i.e. efficiency of de-protonation/de-doping, physical
morphology, compatibility with cross linkers to increase strength, co-polymers,
adhesives and suitable topcoats. These important parameters need to be addressed as the
conventional PANI-EB polymer is extremely brittle and has poor adherence to steel,
and thus has limited longevity especially under perpetually wet conditions.
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7.4 CHAPTER VI
The work in Chapter VI showed the importance of topcoated polyaniline primed
systems, as it seems to stabilise the electroactivity that occurs between the PANI and

steel interface. Suitable insular barrier coatings are especially effective as they reta
the ingress of detrimental components to the underlying electroactive materials. It was
established that amine based epoxies have such qualities. In contrast, the polyurethane
topcoat was less effective, especially when applied by the 'air spraying' method due to
higher porosity.

In topcoated systems, it was established that various dopants in ES.HA systems reflect
different longevity values of specimens in corrosive environments. The most promising
epoxy topcoated specimens for corrosion protection of steel were PANI-ES(PMASA)
and PANI-ES(NTPA). The reasons for the change in corrosion rate for different
dopants are complex and the full mechanism of action is still to be determined.

7.4.1 Recommendation for future work
Future research (in this field) need to investigate different organic topcoats
(thermoplastic or thermosetting topcoats), including water displacing compounds,
sealants and adhesives to complement PANI coatings. In addition, studies on the effect

of counterions-obtaining information on impermeability, inhibition, conductivity, Ecorr,

adhesion (to the substrate) and cohesion (internal strength), blending ability with othe
polymers and flexibility, for specific counterions when incorporated into PANI-ES.

TECHNICAL INFORMATION
a. PANDA-ES(DNNSA)
The technical information on PANDA has been obtained from Zipperling Technical
Data-INCOBLEND™-991667/23 for anti-corrosive primers and Monsanto material
safety data sheet MSDS-Polyaniline Conductive Polymer (M00018302).
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TECHNICAL DATA
^

INCOBLEND™ - 991667/23
for anti-corrosive primers

I N C O B L E N D ™ 991667/23 is a highly concentrated dispersion of the intrinsically
conductive polymer polyaniline in a pofyamid. With the help of this concentrate it is
possible to easily disperse V E R S I C O N ™finelyin various different binder systems
This ensures the optimum corrosion inhibiting effect by ennobeling and passivating
metal surfaces. To achieve this effect the concentrate should be used with a let
down of 8 to 10 % referring to the solids content to finally obtain a polyaniline
concentration of approximately 4 % (referring to solids content). The product shows
the best solubility in pronan-2-ol / toluene or xylene (5:4). It is recommended to
first delute the concentrate and then grind it together with the desired pigments
I N C O B L E N D M 991667/23 can be used to manufacture conductive green anticorrosive primers.
property

value

conductive component

polyaniline (VERSICON®)

binder

polyamid

polyaniline concentration

40-45 %

colour

dark green

spec, conductivity

20-40 s/cm

delivery form

powder / resin

recommended solvents

propan-2-ol / toluene or xylene (5:4)

recommended concentration
(referring to solids content)

8-10

aimed surface resistance

103-105

INCOBLEND

unit

%

is a registered trademark of Americfiem Inc.. C u y a h o g a Falls, Ohio,and
Zipperling Kessler & C o , Ahrensburg.

This information is correct to the best of our knowledge and experience. It _ provided entirely without obligation and does not
constitute a legally binding warranty of specific attributes. O w n measurements are reoommended. Third-party proprietary rights
are to be observed. Liability tor advice and information shall be limited to cases of gross negligence.
Position: September 1995
9986723EDOC
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Material Safety Data Sheet

Material Safety Data
Sheet

S O L U i iM
*• • *AppBedC______y,Cn__h___t___ni

A

1. CHEMICAL P R O D U C T A N D C O M P A N Y IDENTIFICATION

PRODUCTNAME:

POLYANILINE CONDUCTIVE POLYMER

MSDS Number: M00018302 Date: 5/26/95 DRAFT

MONSANTO COMPANY, 800 N. LINDBERGH BLVD., ST. LOUIS, MO 63167
FOR CHEMICAL EMERGENCY, SPILL LEAK, FIRE, EXPOSURE, OR ACCIDENT Call: 314-694-1000

2. COMPOSITION/INFORMATION ON INGREDIENTS

Component
polyaniline (emeraldine salt) #
butyl cellosolve*
xylenes *

CAS No.
n/a
111-7 6-2
1330-20-7

Page: 1

% by weight
40 - 60
27 - 40
0 - 33
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